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ABSTRACT 

Measurenents  of  wave  processes,  wave-driven  currents,  and  sediment  distribution  have  been  made 
in  several  fringing  reef  systems.  Wave  height  and  wave  period  are  typically  reduced  by  about  501 
as  pass  over  the  reef  crest.  This  decrease  depends  priisarily  upon  reef  crest  water  depth, 

back-reef  lagoon  show  % ' icant  changes  over  a single  tide  cycle, 

ave-driven  cur^nts  tend  to  flow  continuously  onsh^  . the  reef  crest.  Their  velocity  is  greatest 
^ I ’**"  ’'*T*  *”'**'‘^"*  “"“t  intense.  in  the  lagoon  moat  generally  showed  a 

tendency  to  drain  the  lagoon  except  during  brief  int  , near  flooding  tide  when  a weak  current 
eversal  fccv^ed.  Sediment  distribution  in  the  lagoon  displays  a pattern  that  reflects  current 
patterns  in  the  lagoon  and  wave  characteristics  at  the  lagoon  shoreline. 
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WAVE  ACTION  AND  SEDIMENT  TRANSPORT  ON  FRINGING  REEFS 

Joseph  N.  Suhayda  and  Harry  H.  Roberts 
Coastal  Studies  Institute,  Louisiana  State  University 
Baton  Rouge,  Louisiana  70803 


Introduction 

Recent  Investigations  (1),  (2),  (3)  continue 
to  demonstrate  the  Importance  of  waves  and  wave- 
driven  currents  to  coral  reef  ecosystems.  These 
studies  have  indicated  that  several  effects  result 
t rom  wave  action,  including  the  direct  physical 
force  on  coral  branches  and  the  movement  of  water 
and  sediment  within  the  reef  system.  There  are, 
however,  problems  wltli  making  accurate  field 
measurements  oi  wave  action  and  with  relating 
these  measurements  to  coral  growth  (or  destruc- 
tion). The  variability  of  reef  geometries  world- 
wide implies  that  many  studies  will  be  required 
even  to  assess  wave  characteristics  on  reefs.  A 
detailed  quantitative  understanding  of  wave  pro- 
cesses occurring  on  reefs  will  develop  only  after 
acquisition  of  these  field  data.  This  study  pre- 
sents the  results  of  direct  measurements  of  waves 
and  wave-driven  currents  in  natural  reef  systems. 
Tlie  measurements  were  limited  to  fringing  reefs 
where  a well-developed  shallow  lagoon  was  present 
shoreward  of  the  reef  crest.  Although  this  sys- 
tem is  somewhat  specialized,  it  does  contain  many 
of  the  features  and  processes  occurring  on  reefs 
in  general. 

Few  field  measurements  of  wave  action  on 
reefs  have  been  reported  in  the  literature,  even 
though  studies  relating  to  wave  action  have  been 
numerous.  During  the  late  19408  and  early  19508 
Munk  and  Sargent  (4)  and  von  Arx  (5)  Initiated 
indirect  investigations  of  wave  processes  on 
reefs.  Several  studies  followed,  including 
investigations  of  wave  refraction  and  wave  energy 
on  small  coral  islands  of  the  Campeche  Bank  (6); 
of  the  swell  on  the  island  of  Aruba  (7);  of  the 
relationship  between  wave  power  and  island  land- 
forms  on  the  Windward  Caribbean  Islands  (8);  of 
the  correlation  of  reef  variability  and  wave 
action  on  Grand  Caysian  (3);  and  of  the  theoreti- 
cal description  of  wave-induced  set-up  of  water 
on  coral  reefs  (9).  Direct  measurements  of  wave 
thrust  on  reefs  have  been  reported  (10.)  • (il)t 
and  wave  measurements  on  a fore-reef  shelf  have 
been  made  on  Grand  Cayman  (12). 
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Figure  1.  Profile  view  of  reef  and  lagoon  sys- 
tem on  Great  Corn  Island,  Nicaragua,  and  the 
location  of  wave  and  current  instruments. 


Wave  Processes 

A typical  example  of  the  type  of  reef  system 
in  which  the  wave  measurements  were  made  is  shown 
In  Figure  1.  The  reef  Is  located  on  the  northern 
coast  of  Great  c-orn  Island,  Nicaragua.  The  reef 
system  Includes  a fringing  reef  barrier  that 
slopes  gently  seaward  and  a steep  landward-facing 
scarp.  The  reef  encloses  a lagoon  having  a , 

sediment-covered  floor  and  well-developed  moat 
Inmedlately  behind  the  reel  . This  segment  of  the 
fringing  reef  extends  approximately  300  m along 
shore  to  a point  where  Inlet  channels  occur  and 
separate  this  reef  from  other  extensions  of  the 
reef  system.  Waves  typically  break  on  the  reef 
crest  and  continue  breaking  until  they  reach  the 
raoat.  At  the  moat  the  breakers  reform  into  non- 
breaking waves  and  propagate  shoreward  with  a 
height  and  period  that  are  lower  than  offshore  • 

wave  conditions.  Wave-driven  currents  sweep 
across  the  reef  crest,  and  the  landward-facing 
scarp  is  formed  by  large  (M}.*)  m)  pieces  of  coral 
rubble  transported  from  the  reef  crest.  Field 
sites  having  essentially  the  same  reef  crest  and 
lagoon  characteristics  were  studied  on  Grand 
Cayman,  B.W.I,;  Barbados,  W.I.;  and  the  north- 
eastern coast  of  Brazil. 

The  shallow  fringing  reef  crest  Is  a criti- 
cal zone  for  wave  processes  on  reefs  because 
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KiKure  2.  Wave  spectra  from  a measurement  Inside 
the  reef  crest  (dotted  line)  compared  to  Plerson- 
Moscowltz  Input  spectrum  (solid  line)  Inferred 
from  6 m/sec  trade  wind,  illustrating  the  extreme 
modification  due  to  wave  breaking  [after  (13)]. 


interactions  there  cause  extreme  modification  of 
the  incoming  waves.  The  main  feature  of  the  reef 
crest  affecting  the  waves  is  its  shallow  depth, 
typically  1 m,  which  normally  causes  wave  break- 
ing. Tide,  ol  course,  causes  the  actual  depth  to 
vary  throughout  the  day.  Waves  may  break  continu- 
ally as  they  transect  the  reef  crest  until  reach- 
ing the  deeper  lagoon  water,  or  they  may  propagate 
unbroken  until  secondary  wave  crests  are  formc'd. 
Observations  at  the  point  of  reformation,  taken 
in  a fringlng-reef-formed  windward  lagoon  on 
Barbados,  are  shown  in  Figure  2.  For  comparison, 
the  deepwater  Pierson-Moscowitz  (PM)  spectrum  for 
.1  typical  trade  wind  speed  [6  m/sec  (13)]  is  also 
shown  because  no  actual  measurements  were  made  on 
the  fore-reef  shelf.  Two  features  are  obvious: 
there  has  been  a substantial  loss  of  wave  energy, 
and  the  wave  spectrum  has  significantly  changed 
shape.  The  estim.ited  energy  loss,  calculated 
from  the  change  in  wave  height,  for  the  observed 
conditions  is  about  7iZ.  This  result  is  In  rough 
agre#ment  with  laboratory  measurements  of  wave 
transformation  over  a submerged  shoal  (lA).  This 
energy  loss  h.i8  not  been  uniform  because  the 
observed  spectrum  shows  that  considerable  energy 
lemalns  at  low  frequencies.  Thus  breaking  has 
flattened  the  spectrum  peak  and  perhaps  trans- 
ferred energy  to  Ifiw  frequency.  The  exact  amount 
of  energy  loss  ind  the  spectral  change  induced 
depend  upon  the  depth  of  water  over  the  reef 
crest  and  the  Input  wave  conditions.  The  reef 
. rest  did  not  contain  surge  channels,  which  have 
been  observed  in  Pacific  reefs  (4)  to  s 1 gni t leant ly 
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Figure  3.  Measured  wave  spectra  In  the  Suape 
Lagoon  at  different  stages  'f  the  tide. 


modify  the  incoming  waves. 

Measurements  of  waves  near  the  shoreline  at 
Su:ipe,  Pernambuco,  Brazil,  behind  a beach  rock 
barrier  are  sumncirized  as  wave  spectra  and  are 
shown  in  Figure  3.  Geomorphically , the  beach  rock 
barrier  has  the  same  basic  components  as  most 
well-developed  fringing  coral  reef  systems:  a 
seaward-sloping  barrier,  back-barrier  moat,  back- 
barrier  lagoon,  and  occasional  breaks  In  the 
barrier  trend  (Inlets).  The  measurements  shown 
are  for  three  tide  stages  and  show  the  effect  of 
water  level  changes  at  the  reef  crest.  At  a tide 
datum  of  1.1  m the  water  level  was  at  the  crest 
of  the  barrier.  Wave  height  was  7 cm  and  the 
spectrum  showed  several  peaks.  At  a tide  level 
of  1,4  m the  wave  height  had  increased  to  28  cm, 
and  the  height  at  a tide  level  of  2.0  m had 
Increased  to  56  cm.  The  offshore  wave  height  was 
about  1 ro. 

The  process  of  wave  breaking  Is,  at  present, 
not  well  described  by  hydrodynamic  theory.  The 
decrease  In  wave  height  across  a reef  crest 
resulting  from  breaking  can,  however,  be  given 
empirically.  Using  the  data  of  this  study  and 
published  data  (14),  wave  height  at  the  point  of 
reforming  H Is  given  by 
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Figure  4.  Twenty-six-hour  record  of  current  on 
the  reef  crest  and  in  the  back-reef  moat.  Cur- 
rent magnitudes  are  average  values  over  3 min 
of  record. 


Figure  5.  Reef  crest  and  moat  current  records 
over  a 20-mln  period.  Current  magnitudes  are 
average  values  over  a 10-sec  Interval. 


H - (1  - 0.8e"°'^ 

where  Is  the  wave  height  near  the  breakpoint 
and  d is  the  mean  water  depth  at  the  reef  crest. 
The  range  of  water  depths  for  which  the  formula 
la  valid  Is  d/Ho  from  zero  to  about  5.  This  for- 
mula Indicates  that  when  d/Ho  ~ 0 wave  heights  In 
the  lagoon  will  be  about  20Z  of  the  wave  heights 
outside  the  reef. 

Wave  periods  within  the  lagoon  are  highly 
variable,  and  the  spectrum  Indicates  that  several 
wave  periods  occur  with  nearly  equal  wave  height. 
Generally,  the  mean  wave  period  In  the  lagoon  is 
smaller  by  about  SOZ  to  7SZ  than  the  wave  period 
of  f shore . 

Wave-Driven  Currents 

Waves  that  break  on  the  reef  crest  drive 
water  shoreward  Into  the  lagoon.  This  shoreward 
flow  provides  the  mechanism  for  transporting 
water  and  sediment  from  the  fore-reef  shelf  envi- 
ronment Into  the  back-reef  lagoon.  Water  brought 
across  the  reef  crest  has  been  shown  to  exit  the 
lagoon  through  channels  In  the  fringing  reef  (15), 
(16).  Previous  studies  have  suggested  that  tidal 
currents  may  reverse  the  direction  of  flow  of 
water  on  the  reef  crest  and  In  the  reef  channels. 
Current  measureioents  were  made  at  two  locations  on 
Great  Corn  Island  to  document  the  characteristics 
of  reef  crest  and  moat  currents  (Fig.  1). 

The  reef  crest  current  meter  was  oriented 
in  an  onshore-offshore  direction,  and  the  moat 
current  iseter  was  aligned  parallel  to  the  along- 
shore dimension  of  the  reef.  The  position  of  the 
moat  current  meter  was  near  a break  in  the  reef 
crest  and  probably  reflects  flow  In  the  Inlet 
channel. 

Figure  4 shows  current  observations  on  the 
reef  crest  and  in  the  moat  over  a 26-hour  period. 
Data  represent  average  current  over  a 3-mln  sec- 
tion of  record.  Actual  Instantaneous  measure- 
ments show  the  effect  of  each  wave  transiting  the 


reef  crest  and  causing  current  surges  of  50-80  cm/ 
sec  for  durations  of  a few  seconds.  The  average 
data  Indicate  that,  although  moat  currents  reverse 
direction  of  flow,  the  reef  crest  current  was  con- 
tinuously onshore.  At  1600,  with  the  tide  fall- 
ing, currents  on  the  reef  crest  were  moderately 
strong  (10  cm/ sec)  and  the  flow  In  the  moat  was 
changing  from  east  (or  filling  the  lagoon)  to 
8''rongly  westward  (draining  the  lagoon).  Near  low 
tide  (0000),  the  reef  crest  current  reached  a 
maximum  and  currents  In  the  moat  reach  a maximum. 
As  the  tide  rose,  the  westward  flow  In  the  moat 
was  reversed  to  eastward  and  reef  crest  currents 
generally  decreased.  Near  high  tide  (^■1200)  reef 
currents  are  minlnial  and  the  current  In  the  lagoon 
Is  eastward.  This  change  In  reef  crest  current 
flow  results  from  the  fact  that  at  low  tide  wave 
breaking  Is  more  complete  on  the  reef  crest  and 
more  of  the  wave  energy  goes  to  driving  the  cur- 
rent over  the  crest  and  Into  the  back-reef  lagoon. 

Figure  5 shows  a sample  of  the  averaged  reef 
crest  and  moat  current  values  over  a 20-mln  period 
(1200  sec).  At  this  time  scale  more  detail  of 
the  time  changes  In  the  record  is  noticeable.  The 
data  show  the  Importance  of  variations  In  speed 
at  a period  of  about  100-150  sec  on  the  reef 
crest.  These  variations  may  be  related  to  long- 
period  gravity  waves  generated  on  the  reef  face  by 
the  breaking  waves  and/or  the  effect  of  groups  of 
high  waves.  The  data  indicate  that  variations 
about  the  mean  speed  of  up  to  50Z  can  occur  within 
1 or  2 min.  The  moat  current  record  shows  no 
corresponding  variations  at  100-200  sec  period; 
however,  variations  at  approximately  a SO-sec 
period  do  occur. 

Sediment  Movement 

It  has  been  suggested  that  circulation  of 
water  and  sediment  distribution  within  a fringing 
reef  lagoon  are  determined  by  lagoon  gcooMtry  and 
the  Input  of  water  across  the  reef  crest  (IS), 
(16).  Tlie  Inflow  of  water  may  be  wave  or  tide 
Induced,  although  wave  input  has  been  reported  to 
dominate  (5),  (11).  Wave-induced  Input  results 
from  wave  breaking  and  set-up  on  Che  reef  crest. 


68 


Figure  6.  Sediment  thickness  distribution  In  South  Sound  shown  In  plan  view  and  cross 
section,  and  the  lagoon  axis  current  speed  (shown  by  arrows).  Note  the  correspondence 
of  the  thick  sediment  accumulations  and  low  speed,  and  thin  sediment  accumulation  and 
high  speed  [after  (12)]. 


which  are  enhanced  as  water  depth  on  the  reef 
crest  decreases.  Using  the  wave  data  taken  dur- 
ing the  Cayman  experiment  (12),  the  Influx  of 
water  across  the  reef  crest  at  South  Sound,  Grand 
Cayman,  can  be  calculated.  Conservation  of  this 
mass  flux  allows  the  average  transport  within 
South  Sound  to  be  calculated  as  a function  of 
position  down  the  axis  of  the  lagoon.  As  a result 
of  the  geometry  of  South  Sound  (Klg.  6),  the 
Influx  of  water  over  the  reef  crest  Is  funneled  to 
the  west.  Currents  In  the  lagoon  calculated  for 
an  Input  current  across  the  reef  crest  of  10  cm/ 
sec  are  shown  In  Figure  6.  Lagoon  current  speeds 
range  from  2 to  45  cm/sec,  being  lowest  In  the 
eastern  part.  Examination  of  sediment  thickness 
within  the  lagoon  (Fig.  6),  as  determined  by  probe 
stations  In  a grldded  array.  Indicates  a distri- 
bution In  accordance  with  the  current  field. 

Thick,  fine-grained  sediment  accumulations  occur 
In  the  eastern  part  of  the  lagoon  (see  section 
C-C),  and  as  the  lagoon  narrows  and  currents 
Increase  sediments  become  coarser  and  thickness 
decreases  abruptly  (section  A-A' , B-B').  Thick 
accumulations  of  relatively  coarse  sediments  occur 
along  the  Island  coast  as  a result  of  beach  build- 
ing by  wave  action  In  the  lagoon.  For  the  given 
volume  flux  of  water  (400  m^/sec)  over  the  reef 
crest,  the  lagoon  volume  (3.3  x 10^^)  could  be 


replaced  In  about  2.5  hours;  Che  Implication  Is 
rapid  renewal  of  lagoon  water.  Thus  It  appears 
that  sediment  distribution  and  nearshore  wave 
and  current  fields  are  linked  In  a system  to  reef 
crest  and  lagoonal  morphology. 

Conclusions 

Measurements  of  waves  and  wave-driven  cur- 
rents at  several  field  sites  Indicate  that  wave 
processes  at  Che  reef  crest  are  Intense  and 
Important  to  the  movement  of  water  and  sediment 
In  a fringing  reef  system.  Wave  height  Is  reduced 
by  breaking  to  a fraction  (l.e.,  40%)  of  input 
wave  height.  Wave  breaking  drives  currents  across 
the  reef  crest  into  the  back-reef  lagoon,  and 
these  currents  appear  to  control  circulation  and 
sediment  dispersal  In  the  lagoon.  Tidal  varia- 
tions In  water  level  on  the  reef  crest  cause 
diurnal  variations  In  both  lagoon  wave  heights 
and  wave-driven  currents. 
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ABSTRACT 

Wave  and  current  measurements  were  isade  across  a rough-bottomed  fore-reef  shelf  along  the  south 
coast  of  Grand  Cayman  Island.  Wave  heights  attenuated  20Z  and  current  speeds  30Z  from  the  shelf 
margin  ( ” 22 -meter  depth)  to  a depth  o|  approximately  8 meters  a distance  of  =>0.4  km.  Strong, 
rectilinear  tidal  currents  30  cm  s ) dominated  the  deep  shelf  margin,  but  weak,  directionally 
variable  currents  were  characteristic  of  the  shallow  shelf.  attenuation  of  wave  heights  and  current 
speeds  across  the  shelf  is  attributed  to  frictional  effects  •-^.aulting  from  strong  interactions  with 
the  unique  boundary  conditions  of  the  extremely  rough  bottom. 

A dye  experiment  illustrated  that  strong  (=  35  cm  s on-shelf  flow  is  directed  up  the  deep 
co^al  reef  grooves  at  the  shelf  margin.  levels  of  turbulence  (turbulence  intensity  ^23  cm 

s diffusion  coefficient  2.4  x 10  cm  s ) characterize  this  process. 

Wave  force-dominated  versus  current  force-dominated  portions  of  the  fore-reef  shelf  were  defined 
from  in  situ  measurements.  Variations  in  organic  conmunities,  growth  forms,  and  reef  structure  are 
consistent  with  these  zones. 


KEY  WORDS:  Waves,  Currants,  Bottom  Roughness,.  Fore-Reef  Shelf,  Turbulence,  Tidal  Current,  Wave- 
Dominated  Zone,  Current-Dominated  Zone 
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Introduction 

General  understanding  of  the  magnitudes  and 
spatial-temporal  variations  of  physical  processes 
(in  particular  waves  and  currents)  on  the  sea- 
ward shelves  of  well-developed  reefs  Is  based  on 
very  few  actual  measurements.  Recent  work  (1) 
has  shown  that  the  concept  of  tranquil  conditions 
below  the  effective  wave  base  on  fore-reef 
shelves  is  not  well  founded.  On  the  contrary, 
the  margins  of  island  shelves  are  commonly 
exposed  to  strong,  periodic  currents.  The  pres- 
ent paper  is  designed  to  present  results  of 
physical  process  studies  conducted  on  the  fore- 
reef shelf  of  Grand  Cayman  Island  and  to  relate 
what  we  have  learned  about  the  physical  environ- 
ment to  the  reef  and  some  of  its  constituents. 

Figure  1 illustrates  the  central  Caribbean 
location  of  Grand  Cayman  Island,  where  in  situ 
data  on  waves  and  currents,  as  well  as  reef  mor- 
phology, were  collected.  A site  along  the  south 
coast  was  selected  for  study  because  of  its 
well-developed  reef  morphology  on  the  fore-reef 
shelf , its  adequate  exposure  to  dominant  ocean 
waves,  and  its  accessibility  from  our  docking 
facility  near  Georgetown.  As  is  characteristic 
of  all  fore-reef  areas  around  the  island,  the 
shelf  in  the  study  area  has  a general  stepped 
configuration  and  is  very  narrow  (-0.6  km  wide). 
An  abrupt  break  in  slope  at  approximately  8 
meters  delineates  the  seaward  edge  of  the  shal- 
low fore-reef  terrace,  and  a second  break  in 
slope  at  approximately  20-22  meters  marks  the 


Figure  1,  Location  map  of  Grand  Cayman  Island 
and  the  area  of  study. 
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shelf  edge  and  seaward  margin  of  Che  deep  fore- 
reef terrace.  Along  the  south  coast  it  is  com- 
mon for  the  shelf  edge  to  display  overhanging 
reef  lobes  or  a near-vertical  seaward-facing 
reef  wall.  This  seaward  reef  face  extends  to 
various  depths  (commonly  near  700-800  meters) 
tdiere  the  deep  island  slope  is  encountered. 

Both  the  shallow  and  deep  fore-reef  terraces 
support  coral  communities  that  are  viable  but  of 
somewhat  different  composition.  The  shallow 
terrace  is  dominated  by  Acropora  palroata.  Other 
corals,  such  as  Diplorla  strigosa.  Dichocoenia 
stokesll , Agarlcia  agaricites,  Porites  astreoides, 
and  Montastrea  annularis,  are  also  common.  In 
addition,  Gorgonlans  and  various  alcyonarlans  are 
important  members  of  the  coimunity.  The  deep 
fore-reef  terrace  can  be  divided  into  two  zones 
based  on  composition  of  the  coral  communities: 

(1)  an  Acropora  cervicornis  zone  and  (2)  a 
Montastrea  annularis  zone.  Coral-covered  ridges 
extend  from  the  seaward  extent  of  the  shallow 
terrace  to  the  buttress  zone  or  shelf  margin  reef 
(2)  at  the  shelf  edge.  These  coral  spurs  are 
separated  by  sediment-floored  grooves  and  larger 
open  areas  of  sediment  accumulation.  .Acropora 
cervicornis  and  Agarlcia  agaricites  compose  the 
dominant  coral  growth  on  the  coral  ridges, 
whereas  Montastrea  annularis,  M.  cavernosa,  and 
Agarlcia  arc  the  most  important  corals  of  the 
shelf  margin  reef. 

Bottom  roughness  of  both  the  shallow  and  the 
deep  terraces  is  primarily  the  result  of  coral- 
covered  spurs  oriented  at  a high  angle  to  the 
coastline  and  separated  by  linear  areas  of  sedi- 
ment accumulation.  The  spurs  and  grooves  of  the 
shallow  terrace  generally  have  a shorter  wave- 
length and  smaller  amplitude  than  similar  features 
on  the  deep  fore-reef  terrace.  Figure  2 quanti- 
tatively illustrates  this  relationship  in  the 
form  of  two  bottom  roughness  spectra  derived  from 
the  two  bathymetric  profiles  run  across  the  struc- 
tural grain  of  the  shelf  at  the  approximate  mid- 
points of  the  shallow  and  deep  fore-reef  terraces. 

Because  Grand  Cayman  is  located  in  the  cen- 
tral Caribbean  region,  it  is  sheltered  by  other 
land  masses  from  strong  storm  swells  that  origi- 
nate in  high  latitudes.  Therefore,  the  trade 
wind  system  is  the  driving  force  behind  the  wave 
regime.  The  process  climate  in  which  Grand  Cayman 
resides  can  be  characterized  as  follows:  (1)  a 
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Figure  3.  Batliyeictrlc  profile-  across  the  fcre- 
reef  shelf  In  the  study  area  adjacent  to  South 
Sound  (see  Fig.  1).  Note  the  extreme  bottom 
roughness  resulting  from  coral-  uvered  spurs  and 
Intervening  sand-floored  grooves.  Locations  of 
wave  and  current  sensors  are  plotted  on  the  shelf 
pro! lie. 

shelf,  plus  the  two  submarine  terraces  positioned 
along  the  shelf.  Instruments  were  positioned  so 
that  the  modification  of  both  waves  and  currents 
could  be  assessed  as  they  impinged  on  the  shelf 
and  propagated  over  a surface  of  unusual  bottom 
roughness.  Tide  measurements  were  nude  with  a 
capacitance  tide  gage  Installed  in  the  back-reef 
lagoon  adjacent  to  the  shelf  study  area. 


Figure  2.  Bottom  roughness  spectra  of  the  shal- 
low and  deep  fore-reef  terraces  In  the  study 
area.  Note  the  longer  wavelengths  and  greater 
amplitude  (related  to  peak  heights)  of  the  forms 
on  the  deep  shelf  terrace. 


mixed  diurnal  and  semidiurnal  microtldal  regime, 
(2)  a moderately  strong  unidirectional  trade  wind 
and  wave  field,  (3)  moderate-strong  oceanic  cur- 
rents, (4)  a sheltered  position  with  regard  to 
high-latitude  storm  swell,  and  (S)  occasional 
hurricane  winds  and  waves. 

Data  Collection  Methods 


Wave  and  current  data  were  collected  from 
the  instrument  array  shown  in  Fig.  3.  Instru- 
ment positions  are  plotted  on  a bathyMtrlc  pro- 
file of  the  fore-reef  shelf  that  illustrates  the 
extreme  irregularity  of  the  bottom--! .e. , the 
spur  and  groove  morphology  oriented  across  the 


In  situ  continuously  recording,  bottom- 
mounted  current  meters  (Marine  Advisors  Q-16) 
were  used.  One  current  meter  was  deployed  at  the 
seaward  margin  of  the  shallow  fore-reef  terrace 
(~8  meters).  A second  current  meter  was  posi- 
tioned on  top  of  a coral  spur  at  the  shelf  edge 
(>21  meters),  where  unobstructed  on-shelf  cur- 
rents could  be  monitored.  Data  collection  was 
continuous  over  a 2-week  period. 

Current  meters  were  not  deployed  in  the  deep 
grooves  at  the  shelf  margin.  In  order  to  mea- 
sure the  hydrodynamic  activity  levels  in  this 
environment,  a dye  experiment  was  designed. 
Time-lapse  photographs  trare  taken  as  dye  (Rhoda- 
mlne  B)  was  diver  released  at  a depth  of  >33 
meters  on  the  groove  floor.  The  experiment  was 
conducted  during  a peak  in  the  current  cycle  to 
assess  whether  the  grooves  were  active  or  pas- 
sive structures  with  regard  to  the  on-shelf  move- 
ment of  oceanic  water. 
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Wave  data  were  collected  from  three  absolute 


Figure  4,  Wave  spectra  (variance  density)  Iron 
wave  neasureiBents  at  the  shelf  edge  (dashed 
line)  and  near  the  shallow  reef  crest  (dotted 
solid  line). 


pressure  sensors  buoyed  at  the  shelf  edge, 
ald-ahelf,  and  mid-shallow  fore-reef  terrace 
poaltlons.  The  output  from  each  sensor  was  cor- 
rected to  give  surface  measurements.  Pressure 
changes  caused  by  passing  waves  were  registered 
on  a boat-based  Brush  analog  recorder.  Sensor 
depth  was  read  before  each  measurement  by  employ- 
ing a low-pass  filter.  Data  collection  periods 
were  °20  min  at  each  sensor  site.  Multiple  read- 
ings were  taken.  Data  from  the  pressure  sensors 
were  used  to  define  wave  spectra  at  three  loca- 
tions on  the  shelf. 


Results 


Comparison  of  wave  data  collected  at  three 
points  on  the  fore-reef  shelf  of  Grand  Cayman 
Island  (Fig.  3)  Indicates  that  deepwater  wave 
characteristics  arc  significantly  modified  by 
reef  morphology.  An  Interesting  point  concerning 
these  modifications  Is  that  changes  occur  over  a 
vary  short  lateral  dlaiance  (°>0.4  km).  Figure  4 
Illustrates  dats  taken  from  the  seaward  (shelf 
edge)  and  landward  (near  the  shallow  reef  crest) 
wave  monitoring  stations.  In  this  figure,  wave- 


induced  pressure  changes  have  been  defined  In 
terms  of  wave  spectra  which  essentially  show  the 
variance  density  of  the  original  data.  The  two 
most  striking  features  of  this  comparison  are  (1) 
the  general  consistency  of  shape  between  the 
spectra  and  frequency  relationships  between  major 
peaks  and  (2)  the  overall  decrease  In  peak  ampli- 
tudes or  variance  density  of  the  landward  as  com- 
pared to  the  seaward  spectra. 

The  dominant  peak  In  each  spectrum  Is  at 
=■0.13  cps,  or  a wave  period  of  =7.6  s,  %rfilch  Is 
typical  of  the  area  and  appears  to  have  remained 
constant  between  the  two  monitoring  sites.  A 
decrease  In  energy  density  of  about  4SZ  exists 
throughout  the  frequency  range  of  the  spectrum 
between  the  seaward  and  the  landward  stations. 
Translated  Into  wave  heights,  this  trend  Indi- 
cates that  waves  are  reduced  In  height  by  about 
20Z  as  deepwater  waves  Intersect  the  shelf  and 
translate  a distance  of  =0.4  km  across  It.  This 
wave  height  reduction  can  arise  from  a number  of 
combined  processes,  such  as  shoaling,  refraction, 
reflection  and  scattering,  and  frictional  attenu- 
ation. Because  of  the  complex  nature  of  fore- 
reef shelf  morphology,  the  relative  Importance  of 
each  process  is  difficult  to  quantify;  however, 
general  estimates  can  be  made.  Frictional  atten- 
uation and  scattering  of  wave  energy  depend  to 
some  extent  on  bottom  roughness.  For  a bottom 
roughness  amplitude  averaging  2 meters  (which  is 
a very  conservative  estimate  for  the  Grand  Cayman 
shelf),  wave  scattering  (3)  and  the  bottom  fric- 
tion coefficient  (4)  would  be  about  10  times  that 
found  on  a sandy  shelf  of  equal  width.  This  esti- 
mate means  that  it  would  take  a sandy  shelf  4 km 
wide  to  produce  the  same  wave  height  reduction  as 
results  In  0.4  km  over  the  highly  Irregular  Grand 
Cayman  shelf.  As  Munk  and  Sargent  (S)  pointed 
out  with  regard  to  Pacific  atolls,  the  reefs  are 
molded  into  natural  breakwaters  consisting  of 
long  ridges  and  channels  that  efficiently  dissi- 
pate the  energy  of  Incoming  waves.  Although  Munk 
and  Sargent  were  primarily  referring  to  shallow 
surge  channels  and  their  seaward  extensions,  the 
concept  la  valid  for  all  depths  where  waves  feel 
bottom  and  is  the  configuration  common  to  the 
entire  Grand  Cayman  shelf.  Wave  reflection  could 
be  significant  In  some  circumstances,  but  because 
of  the  extreme  complexity  of  the  shelf  morphology 
It  Is  difficult  to  estimate.  Taking  the  seaward 
face  of  the  shallow  fore-reef  terrace  alone,  the 
reflection  coefficient  (4)  Is  about  0.1  or  lOZ. 
Refraction  and  shoaling  can  also  result  In  reduced 
wave  heights.  For  the  example  given  In  Fig.  4 a 
reduction  of  about  lOZ  Is  estimated;  however, 
roughness  of  the  fore-reef  shelf  may  cause  changes 
In  the  wave  phase  speed.  Because  of  energy  losses 
resulting  from  percolation  and  water  movement  Into 
the  reef  matrix  and  sediment,  this  process  cannot 
be  estimated  at  the  present  time.  Several  studies 
(S),  (2)  have  shown  that  the  wave  field  plays  a 
major  role  In  determining  reef  morphology.  From 
the  present  study  It  is  also  apparent  that  the 
reef  morphology  or  bottom  roughness  strongly 
affects  wave  processes.  Therefore,  varlsblllty 
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Figure  5.  Time- series  plot  of  current  speed  and  direction  fn'in  both 
shallow  and  deep  fore-reef  shelf  current  meter  stations.  Note  the 
position  in  the  current  cycle  when  the  deep  coral  reef  groove  dye 
experiment  was  conducted. 


In  reef  morphology  Implies  a correspondingly 
strong  variability  In  the  rate  of  the  afore- 
mentioned wave  processes. 

Figure  3 Illustrates  the  time-dependent 
behavior  of  currents  monitored  at  both  the  edge 
of  the  shelf  and  the  margin  of  the  shallow  fore- 
reef  terrace  (Fig.  3).  Although  these  and  other 
records  from  the  Cayman  shelf  were  collected  In 
a region  strongly  Influenced  by  the  steady  trade 
winds,  currents  display  very  distinct  variations 
in  both  speed  and  direction.  Kecords  from  the 
deep  shelf  current  meter  station  clearly  show 
periodicities  In  current  magnitude  and  direction 


that  are  near  the  diurnal  tidal  frequency.  Shal- 
low fore-reef  terrace  data  sets  generally  Illus- 
trate the  same  basic  trend;  however,  currents  are 
greatly  reduced  and  more  directionally  variable. 
Current  speeds  at  the  shelf  edge  commonly  were  In 
excess  of  SO  cm  s"'  at  the  peak  in  the  current 
cycle,  whereas  currents  on  the  shallow  shelf 
rarely  exceeded  IS  cm  s'*  and  generally  were  «7.S 
cm  s'*  . Current  speeds  .it  tin'  deep  terrace  .ire 
distinctly  higher,  averaging  21.9  cm  s'*  over  a 
selected  b-dsy  period.  A comparison  of  current 
speeds  at  the  two  monitoring  sites  over  the  same 
time  period  discloses  a b0-70I  speed  reduction 
from  the  deep-shelf  station,  a distance  of  '•0.4 


Sll 


Figure  6.  Schematic  view  of  dye  expansion  in 
both  plan  (A)  and  profile  (B)  views  as  Inter- 
preted from  time-lapse  photographs  and  diver 
observations.  See  Fig.  5 for  the  relationship 
between  the  dye  experiment  and  current  cycle 
as  monitored  at  the  adjacent  deep  shelf  cur- 
rent meter  station. 


km.  Large  vertical  and  lateral  frictional  forces 
associated  with  the  shelf's  reef  induced  extreme 
bottom  roughness  and  wall  roughness,  which  are 
probably  responsible  for  the  remarkable  attenua- 
tion of  the  current  speed  over  such  a short 
expanse  of  shelf. 

In  addition  to  being  considerably  stronger, 
currents  on  the  deep  fore-reef  shelf  are  much 
more  unidirectional.  West-  (on-shelf)  and 
slightly  southwest-  (along-shelf ) setting  cur- 
rents account  for  »85Z  of  the  total  bottom  cur- 
rents at  this  site.  As  can  be  seen  in  Fig.  S, 
the  directional  trace  is  characterized  by  long 
periods  of  unidirectional  flow  that  are  inter- 
rupted by  short  intervals  of  current  reversal 
accompanied  by  aininums  in  Che  speed  record. 
Currents  on  the  shallow  shelf  are  generally  much 
more  directionally  variable,  although  this  trend 
is  not  especially  clear  in  Che  record  selected 
for  Fig.  %.  As  might  be  expected,  the  dominant 
shallow  current  is  to  the  west  (^60%).  A second- 
ary east  to  southeast  direction  accounts  for 


=29X,  and  lOZ  of  the  time  the  current  flows  south, 
directly  off  the  shallow  reef  crest,  and  Is  proba- 
bly related  to  tidal ly  Induced  w.ater  exch.'inge  wltb 
the  back-reef  lagoon. 

A dye  experiment  was  conducted  In  a deep 
coral  reef  groove  In  order  to  determine  the  hydro- 
dynamic  activity  in  these  distinct  shelf-edge  fea- 
tures. The  experiment  was  conducted  In  a groove 
adjacent  to  the  deep-shelf  current  meter  mooring 
site.  Time-lapse  photography  was  used  to  track 
the  dye  expansion.  Figure  6 schematically  repre- 
sents the  history  of  the  dye  expansion  over  a time 
period  of  105  s.  Photographs  taken  at  15-8  Inter- 
vals from  the  top  of  the  adjacent  coral  spurs, 
some  20  meters  obliquely  above  the  injection  point 
(an  angle  of  ’70°),  were  used  as  a data  base  for 
calculations  of  mean  advectlon  speed,  turbulence 
intensity,  and  a diffusion  coefficient. 

Plume  boundaries  were  traced  from  the  origi- 
nal time-lapse  photographs  and  used  to  quantify 
the  horizontal  diffusion.  Only  the  first  four 
exposures  (60-s)  were  used  to  quantify  plume 
expansion  because  of  perspective  problems  and 
source  deterioration.  Taylor  (6)  diffusion  theory 
was  used  to  analyze  the  dye  expansion  behavior. 
Details  of  application  of  this  theory  to  the  dye 
diffusion  In  a groove  is  given  by  Roberts  et  al. 
(7).  Similar  analyses  have  been  successfully 
applied  to  the  spreading  of  continuously  emitted 
oil  slicks  at  sea  (8). 

For  brief  diffusion  times  Taylor's  (6)  rela- 
tion can  be  written  ac 

djy/dx  - <V'2>'/2/U  (1) 

where  o is  the  cross-stream  standard  deviation  of 
particle  spread  ("  visible  outline  of  plume),  x Is 
the  down-plume  distance  “ Uj , U is  the  constant 
ambient  speed  across  the  source,  measured  by 
tracking  the  leading  edge  of  the  dye  plume,  V is 
the  cross-stream  turbulent  speed,  and  the  angle 
bracket  is  the  averaging  operator.  Long  diffusion 
times  can  be  expressed  by 

dOy^/dx  - 2<V'^>'/2  e*/U  (2) 

where  t*,  the  Lagranglan  scale  length,  commonly 
is  considered  a representative  eddy  size.  Thus 
dOy/dx  for  short  distances  and  dOy^/dx  for  long 
distances  should  be  constants  (all  terms  on  the 
right  side  of  eqs.  1 and  2 are  known  to  be  approx- 
imately constant).  The  tangent  of  half  the  angle 
of  expansion  of  the  plume  (doy/dx)  can  now  be  mea- 
sured from  the  photographs,  which  give  a turbu- 
lent intensity  “ 24  cm  s“‘  from  eq.  1, 

as  U is  already  known  from  movement  of  the  plume 
front  (=35  cm  s"*).  Average  values  of  the  rela- 
tive turbulent  intensity,  from  both 

field  and  laboratory  studies  varies  between  0.05 
and  0.20.  Murray  (9)  reported  a value  as  high  as 
0.25  during  a hurricane.  An  extremely  high  value 
of  =0.7  was  obtained  from  this  study  and  appears 
to  be  the  result  of  current  and/or  wave  inter- 
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Flgurt*  7.  Distribution  of  wave  and  current 
forces  across  the  fore-reef  shelf  calculated  for 
a vertical  surface  oriented  directly  into  the 
flow.  Basic  zonal  ion  of  t!^e  reef  is  shown  in 
relation  to  the  force  curves. 


actions  with  the  unusual  wall  roughness  of  the 
confining  coral  spurs.  Other  published  values 
are  from  situations  of  unconfined  flow. 

A diffusion  coefficient,  Ky,  ran  be 
I X )r*  ss»*d  .IS 

Ky  - L72  (day2/dx)  - <V*2>l/2  (3) 

For  th»  gro-  ve  experiment  a value  of  2.4  x 10^ 
m'  s"^  was  calcul.ited.  This  value  is  an  order 
't  nuignitude  greater  than  might  be  expected  from 
previous  studies,  summarized  in  Okubo's  (10)  dif- 
fusion diagram,  if  a 12-meter  groove  spacing  is 
used  as  a diffusion  scale.  Both  turbulence  and 
turbulence  intensity  appear  to  be  considerablv 
stronger  in  the  deep  coral  reef  groove  than  any 
nornuil  channelized  or  open  ocean  conditions  would 
suggest . 

Concluding 

Results  of  physical  process  studies  on  a 
narrt'w  fore-reef  shelf  are  summarized  in  Fig*  ? 
and  Table  1.  Wave-  and  current-dominated  parts 
of  the  shelf  are  defined  In  Fig.  7,  where  a com- 
mon measure  of  their  force  across  the  reef  pro- 
file is  plotted.  Representative  current  speeds, 
wave  characteristics,  and  bathvmetry  from  field 
data  were  uH€*d  in  the  force,  F,  calculations. 

The  ( ommtui  qu.idratic  stress  law,  F ■ 1/2  , 

was  used,  where  p is  the  density  of  seawater, 

A is  an  exposed  cross-sectional  area  (taken  as 
1 cm'  on  a vertical  plane),  is  the  drag  coef- 
ficient (taken  as  1.93  (11)],  and  U Is  velocity 
(cm  s" ^ ) . A representative  current  speed  of 
30  cm  8*^  (Includes  both  wind  and  tidal  currents) 
was  decreased  linearly  across  the  shelf  following 
measured  velocities  at  the  shallow  shelf  current 
meter  station  and  the  fringing  reef  crest.  Wave 
force  calculations  were  made  for  typical  trade 
wind  generated  waves  (T  ■ 6 s,  H • 73  cm)  by 
estimating  maximum  orbital  speeds  from  linear 
wave  theory. 
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It  is  Interesting  to  note  (Fig.  7)  that 
rur rent-lndiicc'd  forces  at  the  shelf  edge  are 
approxinwitely  equal  to  wave-induced  forces  at  a 
depth  of  *3  meters  near  the  fringing  reef  crest. 
Crossing  of  the  wave  and  current  profiles  (Fig.  7) 
delineates  a position  that  separates  the  shallow 
wave-dominated  portion  of  the  shelf  from  the 
deeper  current-dominated  zones.  Sediments  have 
accumulated  in  abundance  at  this  site  and  appear 
to  be  relatively  stable,  forming  a mid-shelf  sedi- 
ment reservoir.  Alsu,  at  this  position  on  the 
shelf  the  coral  community  changes  from  a shallow, 
wave-resistant  Acropora  palmata  dominated  assem- 
blage to  a deeper  group  characterized  by  the 
intricately  branched  Acropora  cervicornls  (Table 
1),  Obviously,  the  manner  In  which  the  force  is 
i'lpplied  will  help  determine  the  response  charac- 
teristics in  the  coral  community.  Periodic  oscil- 
latory perturbations  bv  waves,  for  example,  may 
result  in  quite  different  growth  form  responses 
from  those  produced  by  more  steady,  long-term  cur- 
rent oscillations.  These  detailed  interactions 
are,  however,  beyond  the  scope  of  this  paper. 

Less  detailed  form-process  relationships  are  sum- 
riarized  in  Table  1. 

In  summary,  the  following  statements  ran  be 
made  as  a result  of  the  physical  process  study  of 
(^rand  Cayman's  fore-reef  shelf: 

(1)  A feedback  relationship  exists  on  the  fore- 
reef shelf  such  that  reef  morphology  and  composi- 
tion are  somewhat  dependent  on  the  combinations, 
intensities,  and  spatial-temporal  variations  of 
physical  processes  while  at  the  same  time  the 
rates  of  these  processes  are  distinctly  Influ- 
enced by  reef  morphology  and  Its  associated  bot- 
tom roughness. 

(2)  An  interaction  between  deepwater  waves  and 
shelf  morphology  results  in  a 20%  decrease  in  wave 
height  over  an  -0.4-km  width  of  shelf.  This 
attenuation  rate  is  about  10  times  that  expected 
for  a sandy  shelf. 

(3)  High-'.'eloclty  (>30  cm  s“'),  rather  unidirec- 
tional currents  that  have  a diurnal  tidal  fre- 
quency were  found  to  dominate  the  deep  fore-reef 
shelf*  Shallow  shelf  currents  were  found  to  be 
weak  and  directionally  variable.  A current  speed 
attenuation  of  60-70%  from  the  shelf  edge  to  the 
shallow  fore-reef  shelf  is  attributed  to  lateral 
«ind  vertical  frictional  attenuation  associated 
with  the  unusual  bottom  roughness. 

(4)  A dye  experiment  conducted  at  the  peak  of  the 

tidal  current  cycle  in  a deep  shelf-edge  groove 
illustrated  that  on-shelf  flow  is  directed  up- 
groove.  Remarkably  high  levels  of  turbulence 
(turbulence  intensity  »23  cm  diffusion 

coefficient  *2.4  x 10^  cm^  b“^)  characterize  this 
channelized  f low . 

(3)  Calculations  illustrate  the  greater  relative 
importance  of  current  forces  over  wave  forces  on 
the  deep  fore-reef  shelf.  Current  force  on  the 


Table  1 


Major  Fona-Process  Relationships 


Paraioeters 


Wave  Dominated 


Near-Reef  Creat  Shallow  Terrace  Margin 


Current  Dominated 


Deep  Terrace  Shelf-Edge  Reef 


Zonat Ion 

Acropora  palmata 
Mlllepora  alclcornls 

Acropora  palmata 
Agarlcla 

Acropora  cervlcornls 
Agarlcla 

Montastrea 

Agarlcla 

Growth 

Forms 

Thickly  branched 
Bladed 

Encrusting 

Branched 

Bladed 

Delicately  branched 
Massive 

Massive 

Platelike 

Coral 

Cover 

Moderate 

Moderate 

Abundant 

Abundant 

Bottom 

Roughness 

<2  meters 

<5  meters 

<A  meters 

<30  meters 

Shelf 

Morphology 

Limestone  pavement, 
low-relief  spurs  and 
grooves 

Moderate-relief 
spurs  and  grooves 

Moderate-low-rel le  f 
spurs  and  grooves 

High-relief 
spurs  and  grooves 

Sed iment 

Sparse 

Thin  veneer  In 
grooves 

Extensive  Impounded 
sediment  plains 

Off-shelf  mass  move- 
ment down  grooves 

Waves 

Breaking,  high  tur- 
bulence, high  wave 
force 

Moderate  wave  forces, 
20Z  height  reduction 
from  shelf  edge 

Moderate-low  wave 
force,  small-scale 
turbulence 

Low  wave  force, 
small-scale  turbu- 
lence 

Currents 

Weak,  OMiltl- 
dlrectlonal  flow 

Multidirectional 
flow,  60-70Z  speed 
reduction  from  shelf 

Moderate  on-shelf 
rectilinear  tidal 
currents 

Strong  on-shelf 
rectilinear  tidal 
currents  (>50  cm  s"* 

reef  at  the  shelf  edge  Is  approximately  equiva- 
lent to  wave  forces  on  the  shallow  shelf  at  a 
depth  of  ’>!>  meters. 

(6)  Position  of  the  boundary  between  wave-domi- 
nated and  current-dominated  zones  on  the  fore- 
reef  shelf,  as  defined  by  the  crossing  of  wave 
and  current  force  curves,  corresponds  to  the 
position  on  the  shelf  where  the  coral  community 
undergoes  a distinct  compositional  change.  The 
wave-dominated  zone  Is  characterized  by  thickly 
branched,  bladed,  and  encrusting  growth  forms 
and  Is  dominated  by  the  wave-adaptable  coral 
Acropora  palmata.  Delicately  branched,  massive, 
and  platelike  growth  forma  are  coiwson  In  the 
current-dominated  zone.  Acropora  cervlcornls  and 
Hontastrea  represent  this  coral  community.  This 
latter  zone,  which  Is  subject  to  minimal  wave 
forces  yet  experiences  considerable  current  force 
and  associated  high  levels  of  turbulence,  dis- 
plays the  moat  thriving  coral  communities  on  the 
fore-reef  shelf. 
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ABSTRACT 

Observations  of  drogues  drifting  with  Che  current,  coabined  with  current  aeter  data  froa  Barbados 
and  Grand  Cayaan  Islanda,  indicate  that  zones  of  high  current  speed  (jet*  or  rips,  30-80  ca/sec) 
and  zone*  of  weak,  disorganized  flow  (stagnation  zones,  2-10  ca/sec)  are  aysteaatically  located  around 
these  islands.  Theoretical  aodels  of  the  flow  around  islands  predict  the  existence,  strength,  and 
location  of  cheae  currant  zones  with  reasonable  accuracy.  Net  circulations  around  the  islands  as 
observed  by  several  other  investigator*  play  an  iaportant  role  in  the  location  and  nuaber  of  jet* 
or  stagnation  zones  around  a specific  island.  Extensive  voluae*  of  sediaent  accuaulate  to  Che  lee 
of  high-speed  current  zone*.  These  sediaent*  appear  to  be  deposited  as  the  carrying  capacity  of 
the  current  rapidly  diainishes  as  it  leaves  the  jet  zone.  Subsequent  reworking  of  the  sediaent  along 
the  shore  is  produced  by  wave  and  current  action.  This  procesa  of  accuaulacion  and  shifting  of  sedi- 
aenCs  on  the  lee  sides  of  islands  restricts  substrate  areas  suitable  for  coral  colonisation  and  subse- 
quent reef  growth.  Therefore,  interplay  between  "around-che-island"  circulations  and  sediaent  trans- 
port appears  to  be  significant  in  producing  sicca  favorable  for  sediaent  accuaulation  but  unfavorable 
for  reef  growth. 


REY  WORDS:  Current*,  Circulation,  Sediaents,  Transport,  Islands,  Raef , Coral,  Theory,  SilCation, 
Shoaling 
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Introduction 

The  large-scale  current  flow  around  oceanic 
Islands  has  attracted  considerable  attention  In 
recent  years  from  physical  oceanographers  pri- 
marily Interested  In  the  effect  of  an  Island  on 
the  Interior  of  the  surrounding  ocean.  Hogg  (1), 
for  example,  explained  the  vertical  displacement 
('vlOO  m)  of  Isopycnals  observed  around  the  periph- 
ery of  the  Bermuda  platform  with  a theoretical 
model  of  steady,  frlctlonless,  stratified  flow 
past  a circular  Island.  Observations  of  stagna- 
tion points,  or  zones  of  very  low  speed,  on  the 
northern  and  southern  flanks  of  the  bank  were 
consistent  with  the  theory.  In  a similar  study  of 
the  flow  past  an  equatorial  Island  Hendry  and 
Uunsch  (2)  reported  that  the  frlctlonless  equa- 
tions of  flow  past  a cylindrical  obstacle  de- 
scribed deformations  In  the  density  field  observed 
around  Jarvis  Island  (160°  01'  W,  0'  23'  S) . In 
these  cases  only  a few  current  measurements  were 
obtained,  and  they  were  restricted  to  distances  of 
more  than  an  Island  diameter  away  from  the  coast 
and  water  depths  greater  than  400  m.  Direct 
measurements  of  currents  vtze  made,  however,  by 
Knox  (3)  about  10  km  off  Addu  Atoll,  another 
Isolated  Island  In  the  equatorial  Pacific.  Knox 
reported  westerly  speeds  of  20-30  cm/sec  In  the 
surface  layer  and  easterly  speeds  of  75-100  cm/ sec 
below  70  m.  His  data  showed  that  the  flow  does 
tend  to  stagnate  upstream  of  the  atoll  and  that 
current  speeds  are  Increased  along  the  atoll 
flanks,  as  expected  from  theory.  None  of  these 
studies  was  designed  to  provide  understanding  of 
the  dynamics  of  the  currents  affecting  the  coasts 
and  shelves  of  the  Islands  themselves;  rather, 
they  were  Intended  to  determine  the  perturbations 
Introduced  Into  the  main  flow  by  the  Island,  which 
acts  as  an  obstacle. 
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In  contrast,  the  purpose  of  this  paper  Is  to 
present  data  and  theoretical  deductions  concerned 
with  currents  within  a few  kilometres  of  the 
coastline.  Both  observations  and  theory  show  that 
zones  of  Intense  currents  (Jets  or  rips)  and  zones 
of  weak  currents  (stagnation  zones)  are  systemat- 
ically distributed  around  the  shores  of  Islands 
and  that  prisms  of  sediment  tend  to  accumulate  In 
response  to  the  deceleration  of  high-speed  cur- 
rents, providing  substrate  unfavorable  for  reef 
growth. 

Observations 

Our  program  to  assess  Che  role  of  currents  on 
the  shelves  of  steep-sided  Islands  began  In  1972 
on  Che  southwestern  coast  of  Grand  Cayman,  In  the 
Caribbean.  By  Instrumenting  In  detail  one  partic- 
ular transect  across  the  shelf,  much  was  learned 
(4)  about  the  variability  In  time  of  the  mean 
drift  current  along  the  shelf  and  Che  unexpectedly 
strong  tidal  current  signal  at  the  shelf  edge.  It 
subsequently  became  apparent  that  large  and  sys- 
tematic along-the-shore  gradients  In  current 
activity  might  exert  considerable  Influence  on  the 
location  and  nature  of  coastal  and  shelf  sediment 
accumulation  forms  and  reef  growth. 

Observations  of  currents  moving  In  space 
entail  the  tracking  of  drifters  or  drogues  with  a 
drag  collector  such  as  a parachute  or  biplane  set 
at  a prescribed  depth  below  the  sea  surface.  To 
locate  the  surface  marker  we  have  used  various 
electromagnetic  techniques,  such  as  (a)  visually 
locating  drifting  drogues  with  a ship  and  then 
locating  the  position  with  respect  to  the  Island 
by  ship  radar,  (b)  tracking  the  drogues  from  shore 
by  radar  [In  this  method  an  active  target  (trans- 
ponder) is  attached  to  the  drogue  pole  which 


Figure  1.  Current  tracks  from  drogues  off  the 
south  coast  of  Barbados  July  25,  1973. 


replies  to  the  radar  signal  at  a frequency  dif- 
ferent from  that  transmitted  to  avoid  sea  clutter, 
and  (c)  tracking  the  drogues  by  attaching  an  over- 
the-horizon  type  transmitter  to  the  pole  and 
triangulating  from  the  shore  by  two  portable 
direction-finding  units  (5). 

Such  techniques  have  been  employed  repeatedly 
on  Barbados,  Grand  Cayman,  and  several  other  Is- 
lands to  determine  the  strength  and  characteris- 
tics of  currents  along  the  shelf.  Figure  1 shows 
a field  of  drogues  moving  with  Che  current  at  the 

9- m  depth  level  off  Che  southwestern  coast  of 
Barbados.  Although  Warsh  et  al.  (6)  reported  that 
current  speeds  In  the  open  waters  25  km  east  of 
Barbados  have  a mean  of  20  cm/sec  and  rarely 
exceed  25  cm/ sec,  these  drogues  show  quite  high 
speeds  of  40-80  cm/sec.  Currents  Just  off  South 
Point  are  in  the  range  of  40-60  cm/sec  and  are 
capable  of  moving  grains  1-2  mn  in  diameter  on  the 
bottom.  The  decrease  In  speed  toward  the  Island 
suggests  the  presence  of  a frictional  boundary 
layer  of  about  5-km  thickness  along  the  coast. 

The  sharp  turn  toward  the  Island  of  the  outer 
three  drogues  la  perhaps  related  to  a flow  read- 
justment after  they  have  traversed  Tha  Shallows,  a 

10- km-long  bank  whose  western  edge  Is  seen  In  Fig, 
1.  From  South  Point  tha  currents  generally  flow 
northward  all  along  the  western  coast  of  Barbados. 
For  example.  Fig.  2 shows  a drogue  track  of  about 
26  km  along  tha  western  coast.  Speeds  gradually 
decrease  along  the  northward  track  from  about  40 
cm/sec  at  tha  onset  to  2-10  cm/sec  at  the  end  of 


Figure  2.  A current  track  from  a drogue  equipped 
with  an  X band  radar  transponder,  August  28,  1974. 
A portable  radar  ashore  Is  used  to  locate  the 
drogue. 


the  track,  where  the  drogue  Is  likely  trapped  In 
the  frictional  boundary  layer.  A track  that  Is 
similar  but  farther  offshore  was  shown  In  Murray 
et  al.  (5).  Our  observations  on  Barbados  and  on 
Grand  Cayman  show  that  reversing  tidal  currents 
became  Increasingly . Important  In  the  Immediate 
vicinity  of  the  coast  (within  a few  hundred 
metres).  It  appears  that  the  long-term  drift 
decays  rapidly  across  the  shelf  while  the  tidal 
current  Is  correspondingly  amplified.  Observation 
by  Peck  (7)  clearly  showed  the  dominance  of  the 
tidal  current  over  the  mean  drift  Inside  Carlisle 
Bay  (Fig.  2). 

At  the  northern  end  of  Barbados  the  current 
structure  was  studied  by  both  In  situ  current 
meters  and  drogue  techniques,  A current  meter 
located  about  800  m off  Harrison  Point  consistent- 
ly showed  a weak,  extremely  disorganized  flow 
In  which  the  tidal  currents  (clearly  seen  In 
tha  records  from  other  locations  around  the 
Island)  could  not  easily  be  Identified.  Figure  3 
shows  five  drogue  tracks  around  North  Point 
obtained  only  18  hours  after  the  data  seen  In 
Fig.  1.  All  other  data  suggest  that  the  same 
current  patterns  were  In  force  around  the  Island 
on  July  26  as  on  July  25.  This  weak,  oscillating. 
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Figure  3.  Current  tracks  off  North  Point, 
Barbados,  Jui^  26,  1973  showing  the  Intermittent 
confused  current  pattern  that  Is  also  present  in 
the  current  meter  data  whose  location  Is  noted  by 
CM. 


disorganized  flow  in  Fig.  3 is  In  marked  contrast 
to  the  well-developed,  swift  flow  persistently 
seen  along  the  southern  and  western  flanks  of  the 
island.  These  differences  are  explained  below. 

Theoretical  Considerations 


The  flow  patterns  produced  by  current 
streaming  past  a submerged  circular  cylinder  with 
no  friction  is  a well-known  topic  In  elementary 
hydrodynamics  (8).  White  (9)  gave  the  solution 
for  the  more  realistic  physical  situation  of 
current  streaming  past  a circular  Island  that 
pierces  the  water's  surface  on  a rotating  earth. 
The  solution  for  the  stream  function  T Is  given 
In  terms  of  an  Infinite  series  of  modified 
Bessel  functions  of  the  first  and  second  kind  as 
shown  In  White’s  equation  17.  This  solution 
allows  calculation  of  the  radial  Uj.  and  tangen- 
tial Uj  components  of  the  current  velocity  by 
differentiating  y with  respect  to  0 and  r;  l.e. , 


- 1/r  i!  , u - - ii  . 

30  * 

Thus  we  calculate  the  direction  of  the  stream- 
lines from  the  stream  function  and  the  absolute 
current  speed  from 

V - (Ur^  + . 

To  apply  the  theory  two  parameters  must  be  set. 
First,  one  must  specify  the  far-fleld  current 
speed  Ug,  l.e.,  the  upstream  current  speed  beyond 
the  Influence  of  the  Island.  Warsh  et  al.  (6) 
provide  a good  estimate  of  20  cm/ sec,  which  we 
will  use  for  computational  purposes.  Secondly, 
the  value  of  the  stream  function  on  the  Island 
boundary  must  be  set.  A value  of  V • 0 on  the 
boundary  implies  symmetry  across  the  flow  axis, 
which  hydrodynamlcally  means  there  Is  no  net 
circulation  around  the  Island.  Figure  A shows 
the  flow  predicted  for  this  case  with  Ug  • 20 
cm/sec.  Stagnation  zones  (weak  currents)  form  on 


speed  and  direction  around  a circular  island 
with  a far  field  current  speed  of  20  cm/sec. 


the  nose  of  the  Island  and  directly  behind  It, 
whereas  zones  of  very  strong  currents  (Jets  or 
rips)  form  on  the  flanks.  It  Is  recalled  that 
this  general  pattern  of  stagnation  zones  and 
accelerated  currents  was  observed  by  Hendry  and 
Wunsch  (2)  off  Jarvis  Island  and  Knex  (3)  off 
Addu  Atoll,  and  It  agrees  with  our  current  meter 
observations  on  Grand  Cayman  (4).  The  departure 
of  the  flow  directly  behind  the  Island  and  the 
current  Jet  at  the  top  ^northern)  end  of  Island 
In  thla  model  do  not  agree,  however,  with  our 
observations  around  Barbados.  These  observations 
(Fig.  1,  2,  3)  show  northerly  flow  all  along  the 
back  side  of  the  island  and  departure  at  the 
northern  end  In  or  near  a zone  of  weak,  confused 
currents. 

There  are,  however,  a number  of  studies  in 
the  literature  that  definitely  indicate  the 
presence  of  clockwise  net  circulations  around 
Islands.  Patzert  (10)  shows  this  phenomenon  to 
be  common  In  the  Hawaiian  Islands.  One  example. 
In  Fig.  5 (replotted  from  his  data),  shows  a 
strong  clockwise  flow  around  Kauai.  The  net 
clockwise  speed  of  30  cm/sec  for  IS  days  on  the 
southern  coast  Is  particularly  striking.  The 
geophysical  mechanisms  that  produce  these  net 
clockwise  circulations  remain  unclear. 

A net  circulation  around  an  Island  such  as 
observed  by  Patzert  (10)  and  others  can  be  pro- 
duced In  White's  (9)  theoretical  model  by  setting 
y unequal  to  zero  on  the  boundary.  Figure  6 Is 
the  solution  predicted  by  the  theory  with  Fg  • 

O.S  X 10^  cm^/sec  for  an  Island  diameter  of  20  km 
and  a far-fleld  speed  of  20  cm/sec;  the  current 
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Figure  5.  Net  clockwise  circulation  around  the 
island  of  Kauai  observed  by  Patzert  (10)  from 
current  meter  data. 


Figure  6.  Theoretical  prediction  of  current 
speed  and  direction  around  a circular  island 
exhibiting  a net  clockwise  ciculation.  The  far 
field  current  speed  is  20  cm/sec  from  the  south- 
east . 

approaches  the  island  from  the  east-southeast,  as 
is  the  usual  case  off  Barbados.  This  value  of 
is  simply  a best  fit  to  the  data  selection. 

Notice  chat  (a)  the  two  stagnation  zones  have 
migrated  northward  and  coalesced  to  form  a zone 
of  weak  currents  off  the  northern  end  of  the 
circular  island,  (b)  the  flow  is  all  northerly 
along  the  back  of  the  island  (western  coast),  and 
(c)  there  is  a belt  of  extremely  high  speeds 
concentrated  at  the  southwestern  corner.  These 
three  features  are  essentially  in  agreement  with 
the  flow  patterns  depicted  by  our  numerous  drogue 
experiments  off  Barbados.  Also  note  that  our 
observations  indicate  that  the  superimposed 
oscillatory  tidal  current  is  on  the  order  of  10 
rm/sec.  Thus  drogues  at  the  northern  end  of  the 
island  should  be  weakly  oscillated  back  and  forth 


Figure  7.  Distribution  of  accumulations  of  sedi- 
ment and  shallow  reef  growth  around  Barbados  and 
generalized  current  pattern. 


by  the  tide  in  a mean  drift  that  which  only 
occasionally  can  overpower  the  tidal  currents  and 
push  the  drogues  northwesterly.  This  is  appar- 
ently the  situation  depicted  in  Fig.  3. 

Patterns  of  Sediment  Accumulation 

Barbados 

The  extensive  areas  of  sediment  accumulation 
that  occur  on  the  southwestern  shelf  of  Barbados 
(Fig.  7)  appear  to  be  well  correlated  with  the 
distribution  of  currents  summarized  in  the  model 
(Fig. 6).  These  sediments  are  dominantly  skeletal 
carbonates  derived  from  both  shallow-  and  Inter- 
mediate-depth  coral-algal  reefs  growing  along  the 
southeastern-facing  facet  of  the  island.  At 
South  Point,  In  particular,  a broad  apron  of 
these  sediments  has  spread  across  the  shelf  and 
over  the  shelf  margin.  A large-scale  deposltional 
feature  '24  m in  vertical  dimension  has  developed 
at  the  shallow-shelf  abrupt  break  in  slope  (Fig. 
8).  Reconnaissance  dives  demonstrated  that  the 
feature  resulted  from  draping  of  Recent  carbonate 
sediments  over  the  shelf  edge  into  an  adjacent 
basin.  No  remnants  of  the  original  shelf  platform 
were  visible  through  the  Recent  sediment  cover. 
Extensive  slltatlon  problems  along  the  adjacent 
shoreline  near  Cotton  House  Bay  (Fig.  1)  illus- 
trate that  these  sediments  are  being  swept  not 
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Figure  8.  (A)  Aerial  view  (looking  roughly  west) 

of  the  large  sediment  accumulation  area  In  the 
lee  of  South  Point,  Barbados  (asterisk  notes  the 
position  wliere  underwater  picture  8 (B)  was  taken. 


Figure  8.  (B)  Divers  sitting  on  the  seaward  face 
of  the  large  sediment  accumulation  form  which  has 
a vertical  dimension  of  '2A  m. 


only  across  the  shelf  into  deeper  water  but  also 
along  shore  to  the  northwest. 

This  immense  prism  of  sediment  observed  to 
be  accumulating  near  South  Point  appears  to  be 
carried  into  the  area  by  the  strong  currents 
predicted  by  the  model.  The  rapid  deceleration 
of  current  speed  and  loss  of  sediment-carrying 
capacity  away  from  the  Point  contribute  toward 
the  piling  up  of  sediment  at  this  location.  As 
expected,  and  as  shown  on  Fig.  7,  the  occurrence 
of  reefs  on  the  unstable  bottoms  of  these  sedi- 
ment-rich areas  is  minimal.  Other  areas  of 
abundant  sediment  shown  in  thlr  figure  are  in  the 
form  of  mid-shelf  bands  caught  between  old, 
submerged  reef  ridges  (11)  along  the  western  and 


Figure  9.  Distribution  of  accumulations  of  sedi- 
ment and  shallow  reef  growth  around  Grand  Cayman 
and  generalized  current  pattern. 


southeastern  facets  of  the  island.  The  area 
around  North  Point,  where  the  model  predicts  weak 
currents,  displays  numerous  shallow  reefs  and 
mid-shelf  pediment  accumulations.  The  sediment 
flux  around  this  Point  must  be  minimal  compared 
to  that  at  South  Point  in  order  to  provide  the 
stable  substiacp  necessary  for  reef  formation. 

Grand  Cayman 

The  pattern  of  sediment  accumulation  on 
Grand  Cayman  (Fig.  9)  also  correlates  with  the 
current  pattern  but  more  closely  resembles  Che 
t low-wlthout-circulation  model  shown  in  Fig.  4. 
Reefs  are  much  more  common  and  better  developed 
here  than  on  Barbados  because  there  are  no  sig- 
nificant accumulations  of  highly  mobile  sediment 
along  Che  extensive  northern  and  southern  flanks 
(Fig.  9)  of  the  Island.  At  the  northwestern  and 
southwestern  corners  of  the  Island,  however,  both 
in  situ  field  measurements  (4)  and  nautical 
charts  indicate  the  presence  of  Intense  current 
rips  much  like  those  depicted  in  Fig.  4.  The 
rapid  deceleration  of  the  current  in  the  lee  of 
these  points  leads  to  deposition  and  accumulation 
of  large  amounts  of  sedi. -rnt  on  the  shelf  (Fig. 
9).  As  on  Barbados,  reef  growth  is  poor  at  these 
locations  inasmuch  as  this  process  excludes  reef 
development  on  many  hard  shelf  substrates  because 
they  are  drowned  in  sediment.  On  both  islands 
long  carbonate  beaches  form  on  the  lee  sides  and 
reefs  are  confined  to  small  patch  reef  varieties 
as  well  as  discontinuous  deep  shelf  margin  reefs. 

Summary 

Current  meter  and  drogue  observations,  theo- 
retical analysis  of  the  flow  around  Islands,  and 
air  photo  and  diver  inspection  of  bottom  condi- 
tions lead  to  the  following  conclusions  relating 
the  strength  and  location  of  currents  to  the 
degree  of  sediment  accumulation  and  reef  growth. 

I,  Observations  of  drogues  drifting  with  the 
current,  combined  with  current  meter  data,  have 
delineated  zones  of  high  current  speed  (Jets  or 
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rips,  lO-HO  tm/sec)  slung  the  shores  of  both 
Harhados  and  Crand  Cayman  Islands.  Zones  of 
weak,  intermittent,  and  disorganized  flow  (stag- 
n. It  ion  zones,  2-10  cm/sec)  are  also  systemlcally 
located  around  these  islands. 

2.  Theoretical  models  of  the  flow  around  Islands 
predict  the  existence  and  correct  locations  of 
these  jets  and  stagnation  zones.  Crand  Cayman 
appears  to  be  a type  with  two  jets  on  its  flanks 
and  two  stagnation  zones  (nose  and  tall),  pre- 
dicted by  a model  with  no  net  circulation,  around 
the  Island.  Barbados,  on  the  other  hand,  repre- 
sents a type  with  a finite  net  circulation  around 
its  circumference.  In  this  latter  case  an 
intense  jet  forms  on  the  southwestern  flank  and  a 
single  large  stagnation  zone  occupies  the  north- 
ern end. 

3.  Extensive  areas  of  sediment  accumulation  oc- 
cur to  the  lee  of  these  high-speed  current  zones. 
As  the  carrying  capacity  of  currents  in  the  ac- 
celerated flow  zone  decreases  toward  the  island 
lee,  sediments  are  deposited  and  then  gradually 
worked  onshore  and  along  shore  by  wave  action  as 
well  as  other  currents. 

A.  The  accumulation  and  shifting  of  sediments  on 
the  lee  sides  of  Islands  restrict  suitable 
substrate  areas  for  coral  colonization  and  subse- 
quent reef  growth.  Where  shallow  reefs  appear, 
they  are  generally  patch-like  in  design  and  not 
extensive.  Deep  shelf  reefs  generally  occur  at 
the  shelf  margin  and  have  frequent  breaks  in  the 
reef  trend  to  allow  mass  movement  of  sediment  off 
the  shelf. 

5.  The  interplay  between  "around-the-island" 
circulation  and  sediment  transport  appears  to 
play  a significant  role  in  producing  favored 
sites  of  sediment  accumulation,  thereby  restrict- 
ing substrate  areas  where  reefs  can  develop. 

These  processes  are  of  primary  Importance  in  the 
exclusion  of  well-formed  reefs  on  the  lee  sides 
of  islands. 
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ABSTRACT 

Coral  boulder  ramparts  along  the  south  coast  of  Grand  Cayman  Island  have  no  source  area  near 
the  shoreline.  Coral  coeasunities  acting  as  a source  of  rampart  rubble  are  found  0.3  km  from  shore 
and  at  a depth  of  10-12  m.  Theoretical  calculations  of  wave-induced  forces  from  wave  refraction 
analyses  of  hurricane-generated  waves  indicate  that  the  probable  hurricane  dynamic  force  spectrum 
is  sufficient  to  break  and  transport  core'  rubble  from  depths  of  up  to  12  m.  In  situ  breaking  force 
teste  accomplished  in  Puerto  Rico  on  Acropora  palmata  coral  colonies  support  the  theoretical  calcu- 
lations. 


KEY  WORDS:  Coral,  Boulder  Ramparts,  Wave  Forces,  Grand  Cayman  Island,  Puerto  Rico,  Wave  Refraction, 
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Introduction 

Descriptive  reports  documenting  the  geomor- 
phlc  and  structural  changes  Induced  by  extreme 
storm  conditions  on  Island  coasts,  atolls,  and 
coral  cays  have  been  published  (1),  (2),  (3), 

(4),  (5),  (6),  (7),  (8),  (and  others).  One  com- 
mon observation  has  been  the  occurrence  of  lin- 
ear coral  rubble  accumulations  or  ridges  parallel 
to  the  coast;  the  coral  constituents  of  these 
structures,  usually  called  boulder  ramparts, 
range  in  size  from  pebble  to  boulder.  Formation 
of  these  topographic  features,  commonly  found 
along  high-energy  coastal  sectors,  it  generally 
attributed  to  wave-induced  forces  and  storm-surge 
effects. 

The  objective  of  this  paper  Is  to  calculate 
theoretically  the  magnitude  of  hurricane  wave- 
induced  forces  Instrumental  In  destruction  of 
stony  corals,  which  constitute  the  source  of 
rubble  for  ridge  formation  on  Island  coasts. 
Calculated  wave-induced  forces  that  result  In  the 
Initial  breakup  of  coral  fragments  are  compared 
to  actual  mechanical  breaking  forces  measured  In 
situ. 

The  analytical  procedure  consisted  of  (a) 
a case  study  of  a boulder  raa|>art  and  Its  govern- 
ing physical  characteristics  at  a specific  loca- 
tion on  Grand  Cayman  Island,  British  West  Indies, 
(b)  theoretical  determination  of  hurricane- 
generated  etrell  characteristics,  (c)  calculation 
of  wave-induced  forces  e^>loylng  the  resultant 
orbital  velocities  of  the  swells  after  refraction 
has  taken  place,  and  (d)  a comparison  of  calcu- 
lated wave  force  magnitudes  with  preliminary 
observations  of  actual  mechanical  forces  that 
break  Acropora  palmeta  coral  colonies. 

Grand  Cayman  Boulder  Rampart 

Rigby  and  Roberts  (8)  described  boulder  ram- 
parts on  the  coasts  of  Grand  Cayman  Island  (Fig, 


1)  as  being  coB4>osed  of  hurricane-tossed  coral 
fragments  that  reach  0.6  to  1.0  m In  diameter  In 
areas  of  coarsest  accumulations.  Rampart  heights 
reach  a maximum  of  A.S  m above  sea  level.  A 
study  area  near  Spots  Bay  (sector  3 of  Fig.  2)  was 
chosen  as  the  site  for  analyses  of  hurricane  wave- 
induced  farces.  Constituents  of  the  boulder  ram- 
part present  In  this  sector  have  a mean  width  of 
20  cm,  a vertical  thickness  of  10  cm,  and  a maxi- 
mum length  of  about  58  cm.  For  the  purpose  of 
analysis,  a swan  length  of  30  cm  was  chosen.  A. 
palmata  fragsients  are  the  major  constituent  of  the 
boulder  ramparts  (Fig.  3). 

Two  major  observations  relevant  to  this  anal- 
ysis are  (a)  the  source  of  A.  palmata  fragments  Is 
found  at  an  approximate  distance  of  0.3  km  from 
the  shoreline  at  depths  ranging  from  8 to  10  m 
(Fig.  4)  and  (b)  the  rampart's  constituent  frag- 
ments are  relatively  unabralded,  a fact  that  sug- 
gests that  transit  time  from  grot/th  areas  was 
minimal . 

Hurricane-Generated  Wave  Characteristics 

The  yearly  mean  shore  wave  power  distribution 
for  six  sectors  along  the  coast  of  Grand  Cayman 
Island  Is  shown  In  Fig.  2.  A similar  analysis 
employing  the  same  bathymetric  data  (9)  was  used 
as  Input  to  a wave  refraction-wave  power  computer 
program  (10)  for  an  analysis  of  hurricane  waves. 
Four  hurricane  conditions  were  assumed  to  be  gene- 
retlng  swells  st  fetches  located  In  the  southeast- 
ern Cerlbbean  Sea.  It  was  determined  from  wave 
hlndcostlng  analyses,  employing  accepted  methods 
(11) , (12)  and  corroborating  the  results  with  his- 
torical data,  that  swells  reaching  the  study  area 
from  these  storm  centers  would  have  the  character- 
istics shown  In  Table  1.  These  values  were 
eaployed  In  the  wave  refraction-wave  power  com- 
puter progrem  to  determine  their  vsrlatlons  at  a 
depth  of  12  m over  the  A.  palmt-a  reef  section, 
which  wes  the  probable  source  for  the  boulder  rom- 
psrt  constituents.  Results  of  the  wave  refrectlon 
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Figure  1.  Grand  Cayman  Island  boulder  rampart  distribution  [after  Rigby  and  Roberts  (8)]. 


Table  1 


Hurricane-Generated  Swell  Characteristics 


Hurri- 

cane 

No. 

T 

(sec) 

H 

0 

(m) 

a 

o 

(•) 

1-12 

(m) 

H,2 

(m) 

u 

max 

(n/sec) 

«b 

(m) 

<*6 

(m) 

I 

15 

MM 

msm 

■3.8 

4.0 

10.0 

12.2 

11 

13 

4.3 

1.8 

8.8 

1.5 

111 

12 

90 

124 

6.1 

2.4 

8.8 

1.5 

IV 

13 

WSM 

90 

109 

4.6 

1.8 

7.0 

1.5 

T ■ • wave  period 

Hg  - deepwater  wave  height 

3g  - wave  angle  of  approach  in  deep  water  (east  direction,  in  this  case) 
Li2  * shallo%f-water  wavelength  at  the  12-m  depth  contour 
Hi2  “ wave  height  at  the  12-ni  depth  contour 

Ugiax  ~ maxlnun  wave  orbital  velocity  at  the  12-m  depth  contour 

Ht,  - breaker  height  (mean  value  of  40  orthogonals) 

d(,  • depth  of  wave  breaking  (mean  value  of  40  orthogonals) 


analyses  are  also  tabulated  in  Table  1.  These 
shallow-water  swell  characteristics  were  employed 
in  calculation  of  wave-induced  forces.  Note  in 
Table  1 that  in  Hurricane  1 the  waves  viould  break 
on  the  A.  palmata  reef  flat. 

Wave-Induced  Force  Calculations 

Forces  exerted  by  waves  on  submerged  objects 
have  been  studied  theoretically  (linear  v?ve 
theory)  (13;  and  many  others).  Several  summaries 
of  the  theories  for  calculating  these  wave-induced 
forces  have  been  presented  (14),  (15),  (16). 

The  methods  and  equations  employed  in  the 
analyses  (15)  are  as  follows: 

The  horizontal  component  of  force  equation 
expressed  as  a function  of  time  is: 

Fjj  - - 2ii^  C|^  pV  ^ (W)  sin  at 
+ y Cjj  ^ (W)^  ■ I cos  ot|  cos  ot 

where 

„ . cosh  Llt(yM)J 

slnh  kd 

k " wave  number  (^) 

o ■ wave  angularity  frequency  (^) 

L ■ wavelength 

T ■ wave  period 

d ■ water  depth 

y " depth  of  object  from  still-water 

level  (negative  downward) 

V > volume  of  object 

A • area  of  object 

p “ density  of  water  (1031  kg/m^) 

H " wave  height 


t • time  measured  as  positive  from  the 

time  the  crest  of  the  wave  passes  the 
center  of  the  object 
“ coefficient  of  mass  or  inertia 

Cp  “ drag  coefficient 

The  phase  angle  (15),  Bfjf , at  trhich  the 
maximum  horizontal  component  of  force  occurs  can 
be  found  by  differentiating  the  above  equation 
with  respect  to  ot  and  setting  it  equal  to  zero: 


Figure  3.  Histogram  of  constituents  of  a boulder 
rampart  near  Spots  Bay,  along  the  south  coast  of 
Grand  Cayman  Island,  British  West  Indies  [after 
Rigby  and  Roberts  (8)].  Data  were  generated  from 
500  counts  on  a grid  randomly  placed  over  the 
outcrop. 
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Figure  4.  Schematic  profile  of  the  fore-reef 
shelf,  adjacent  to  the  boulder  rampart  study 
area  [after  Rigby  and  Roberts  (8)]. 


Jot 


C 


pV  Y?  (W)  cos  at 


- Cjj  pAit^ 


h2 

F 


(W)^- |cos  ot |sin  ot 


0 


The  solution  to  this  equation  is  either 
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where  B(jf  is  in  the  second  and  fourth  temporal 
quadrants  of  the  wave  form,  or 
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ht 
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The  equation  to  determine  the  vertical  com- 
ponent of  force  Is 
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The  phase  angle,  Bvf,  at  which  the  maximum 
vertical  component  of  force  occurs  is  either 
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vf 
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Figure  5.  Conceptual  model  employed  in  the  analy- 
sis Slid  calculations  of  wave-induced  forces  on  an 
oblate  and  a cylindrical  coral  fragment  at  the 
bottom  and  suspended  above  the  bottom. 


Analysis  of  wave-induced  forces  was  made  for 
cylinders  and  oblate  cylindrolds  because  A. 
palmata  structural  units  and  fragments  approxi- 
mate these  shapes  and  forms.  Figure  S shows  the 
conceptual  models  for  boulder-sized  fragments  at 
the  bottom  and  for  the  structural  units  in  situ. 
The  calculations  that  follow  are  made  for  coral 
fragments  of  the  dimensions  indicated  in  this 
figure. 

The  great  difficulty  in  calculating  (or 
choosing)  values  for  the  coefficient  of  drag  and 
inertia  according  to  geometrical  characteristics 
of  the  objects  has  been  explicitly  shown  by  many 
Investigators  (13),  (15),  (14),  (17),  (18),  (16). 
The  coefficients  of  drag  for  cylindrical  frag- 
ments were  obtained  from  a curve  published  by 
Wiegel  (15).  The  coefficient  of  drag  for  oblate 
fragments  was  chosen  from  a middle  value  for  a 
cylinder  because  no  published  values  for  this 
shape  could  be  found.  The  coefficient  of  mass 
for  both  shapes  was  the  theoretical  value  for 
cylinders  (15).  A change  in  the  coefficient  of 
mass  from  2.0  to  1.6  produced  no  significant  dif- 
ference in  the  calculated  forces.  The  values  of 
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Table  2 


Table  3 


Values  of  and 


Hurricane 

Number 

s 

‘'DO 

S 

1 

0.  34 

0.6 

2.0 

11 

0.80 

0.6 

2.0 

III 

0.32 

0.6 

2.0 

IV 

0.70 

0.6 

2.0 

Cp  • drag  coefficient  of  a cylinder 
* drag  coefficient  of  an  oblate 
cyllnd rold 

C ■ maas  coefficient 

H 


these  coefficients  that  were  used  In  the  calcula- 
tions are  found  In  Table  2. 

Water  current-induced  forces,  breaker  Impact 
forces,  and  alignment  and  structural  properties 
of  the  A.  palnata  units  have  not  been  considered 
In  this  analysis.  Calculated  values  of  wave- 
induced  forces  are  shown  In  Table  3.  Values  of 
the  vertical  component  of  force,  F^,  proved  to  be 
negligible  for  all  cases  considered. 

Field  Experiment 

A graduated  Industrial  spring  balance  was 
used  to  estimate  the  force  that  breaks  l'iic 
branches  and  stems  of  A.  palmata  structural  units 
In  situ  (Fig.  6).  Maximum  range  of  the  balance 
was  68  kg.  An  effort  was  always  made  to  apply 
the  force  on  the  visually  estimated  center  of 
gravity.  The  turnbuckle  was  rotated  until  break- 
ing took  place.  A plastic  band  moving  %ri.th  the 
balance  force  Indicator  remained  In  place  at  the 
measured  force  limit  after  breaking  occurred. 

Tests  for  the  breaking  threshold  were  also 
performed  In  the  laboratory  by  holding  the  stem 
of  a broken  structural  unit  with  a vise  and 
applying  the  force  on  an  extended  branch.  Force 
was  applied  In  Che  direction  of  dominant  wave 
advance  as  estimated  from  field  observations. 

The  experiment  was  conducted  on  the  reef 
flat  off  Cayo  Turrumote  at  a depth  of  'vlO  m. 

Cayo  Turrumote  (Fig.  7)  lies  ^4.0  km  southeast 
of  La  Parguera,  Puerto  Rico.  It  Is  500  m long 
and  an  average  of  24  m wide  on  Its  exposed  parts. 
This  reef  Is  concave  to  the  south-southeast, 
trending  east-west,  and  a wave-built  rampart  on 
the  windward  (east)  end  reaches  an  average 
height  of  1.5  m above  mean  tide  level  and  la 
about  50  m long.  The  rampart  slopes  on  an  angle 
of  44*  on  Its  seaward  side  and  23*  toward  the 
lagoon  (Fig.  8).  Boulder-sized  coral  rubble  on 
the  rampart  Is  80Z  A.  palmata  fragments;  It 
rongss  from  3.5  cm  to  huge  boulders  that  reach 


Calculated  Horizontal  Forces 


Fragment 

Cylinder 

Oblate 

Orientation 

X 

Y 

Z 

X 

Y 

Z 

Depth  (m) 
Hurricane 

12.0 

12.0 

11.4 

12.0 

12.0 

11.0 

I 

8.6* 

17.9 

17.9 

8.5 

16.2 

32.5 

II 

3.5 

7.6 

7.6 

1.4 

2.8 

5.9 

III 

1.6 

5.4 

5.4 

2.8 

5.4 

11.5 

IV 

1.9 

4.6 

4.6 

0.9 

2.0 

4.1 

Orientation:  X ■ long  axis  of  fragment  parallel 
to  bottom  and  to  wave  orthogo- 
nals 

Y > long  axis  of  fragments  parallel 
to  bottom  and  perpendicular  to 
wave  orthogonals 

Z ■ long  axis  of  fragments  perpen- 
dicular to  bottom  - large  cross 
section  of  oblate  fragment 
perpendicular  to  wave  orthogo- 
nals 

*Measurement8  In  kilograms 


lengths  of  up  to  2.5  m.  The  source  of  A.  palmata 
fragments  starts  at  a depth  of  1.5  m,  10  m from 
the  boulder  rampart  shoreline.  This  reef  surface 
extends  around  the  cay  to  a depth  of  '^20  a.  In 
1962  the  reef  was  found  to  be  nowhere  wider  Chan 
20  m and  nowhere  longer  than  300  m (19),  After 
Hurricane  Edith  (September  1963)  the  effects  on 
the  coral  reefs  of  La  Parguera  shelf  were  sur- 
veyed (20),  and  a large  change  In  Cayo  Turrumote 
was  detected.  Three  years  after  Hurricane  Betsy 
(September  1965)  the  cay  was  surveyed  by  Hernandez 
(unpublished  report);  length,  width,  and  height  of 
the  ramparts  and  the  entire  cay  had  Increased 
markedly  to  the  dimensions  cited  above.  Lateral 
and  lagoonward  migration  of  the  ramparts  had 
taken  place  between  the  surveys. 

Ten  A.  palmata  colonies  were  tested  In  situ 
for  mechanical  breakage  of  their  stems  and 
branches.  Their  stem  diameters  varied  from  5 to 
15  cm  and  ranged  In  height  from  0.5  to  1.5  m. 

The  thicker  and  stronger  colonies  were  found  close 
to  shore,  at  3 m depth.  Test  results  showed  that 
these  colonies  always  broke  at  the  stem  where 
boring  by  organisms  had  taken  place.  The  range 
of  breakage  was  found  to  be  from  23  to  35  kg 
force  for  a mean  diameter  of  13  cm.  Two  of  Che 
broken  colonies  were  taken  to  the  laboratory, 
where  further  tests  were  conducted.  Both  colonies 
broke  again  at  the  stem  with  a force  of  40  kg, 
although  the  force  was  applied  to  one  of  the 
thicker  branches.  Degree  of  boring  was  found  to 
be  the  controlling  factor.  When  a healthy  stem 
was  tested,  it  resisted  forces  as  high  as  50  kg. 

Outer  parts  of  colony  branches.  In  the 
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Figure  b.  Illustration  of  method  used  in  mea- 
surement of  mechanical  breaking  forces  In  the 
in  situ  experiment. 


CAVO  TURRUMOTf 


Figure  7.  Location  of  In  situ  experiment  and 
description  of  Cayo  Turrumote. 


small  units  tested  at  depths  of  10  m,  broke  at 
pulls  of  6 to  40  kg  whenever  the  colony  stem 
withstood  the  same  range  of  force.  Thicker  (3 
cm)  branches  of  healthy  coral  colonies  withstood 
forces  greater  than  the  industrial  balance's 
scale  (68  kg).  Most  of  the  broken  parts  in  these 
tests  had  a mean  length  of  40  cm,  varying  in 
width  from  about  10  to  30  cm.  The  range  in 
dimensions  of  A.  palmata  colonies  is  so  varied 
that  preliminary  tests  performed  in  this  experi- 
ment should  be  greatly  Increased  for  statistical 
tests  suitability. 

Conclusions 

Theoretical  calculations  indicate  that  the 
spectrum  of  forces  generated  by  hurricane  swells 
as  a function  of  depth  (12  m) , object  dimensions, 
and  wave  refraction  are  greater  than  mectunical 
forces  necessary  to  break  coral  colonies  tested 
in  situ  and  in  the  laboratory.  Forces  were  cal- 
culated on  both  cylindrical  and  oblate  objects 
that  had  average  characteristic  dimensions  simi- 
lar to  those  of  coral  fragments  comprising  sub- 
aerial boulder  ramparts  at  the  field  site,  south 
coast  of  Grand  Cayisan  Island.  Magnitudes  of 
forces  for  Hurricane  1 on  these  objacts,  oriented 
with  the  long  axis  perpendicular  (Z)  to  the  bot- 
tom, fell  within  the  general  range  of  forces 
necessary  for  breaking  A.  palmata  stems  as  mea- 
sured in  the  field.  Forces  generated  by  waves 


Figure  8.  Cayo  Turrumote  boulder  rampart  seen 
from  the  lagoon. 


from  the  other  three  hurricanes  were  significantly 
smaller  than  field-measured  breaking  values.  How- 
ever, with  the  exception  of  forces  generated  by 
Hurricane  IV,  calculated  values  for  cylindrical 
and  oblate  fragments  In  the  Z orientation  were 
comparable  to  Che  range  of  forces  necessary  to 
break  colony  branches  as  measured  in  field  tests. 
Calculated  forces  are  co.i.itdered  minimal  values 
because  of  the  selection  of  a drag  coefficient. 

The  rough-surfaced  coral  fragments  would  certainly 
have  a higher  drag  coefficient  than  the  smooth- 
surfaced  objects  used  in  t)ie  theoretical  calcula- 
tions. 

Using  a porosity  of  0.5  (21)  and  a specific 
gravity  for  aragonite  (2.93  g/cm^),  the  weight  of 
the  cylindrical  object  in  seawater  is  approxi- 
mately 9 kg  and  of  the  oblate  fragment  Is  ^4.5  kg. 
Horizontal  forces  on  these  objects  exerted  by 
waves  of  Hurricane  I at  a depth  of  12  m exceed  the 
object  weights  and  probably  would  result  in  shore- 
ward transport.  The  coefficient  of  friction  for 
this  setting  is  unknown,  but  considering  the  forces 
Involved  it  is  reasonable  to  assume  that  shoreward 
displacement  of  particles  would  occur. 

Laboratory  as  well  as  field  experiments  indi- 
cate that  breaking  strength  of  A.  palmata  colonies 
depends  considerably  on  the  degree  of  skeletal 
weakening  caused  by  boring  organisms. 

Comparisons  of  wave  forces  generated  during 
hurricanes  with  field  measurements  of  A.  palmata 
breaking  forces  indicate  that  coral  colonies  at  a 
depth  of  12  m could  be  the  source  for  boulder  ram- 
parts along  the  adjacent  shoreline.  The  average- 
sized  particles  in  these  coral  rubble  accumula- 
tions could  be  transported  onshore  by  hurricane 
waves  generated  in  this  theoretical  study. 
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abstract 


Phirtftwg  for  o I Itonup  uptnohm  ot  the  xhorr  com-  reyuirfs  omsuierutun} 
*»f  ihf  /V>v.M<u/  tuiturv  ftf  thf  ttniM  (imluJinfi  iht-  sfiiimtni  f\pr\i.  wave 
ener)i\  te\els.  unJ  tidal  ranae  Beat  hf  \ eiisi  in  a dxtuimu  state  and  are 
I annnuituWx  « hangm^  tn  response  to  lutoraf prinesxrs  InatUlnion  tothexe 
temporal  xanouonx.  there  ia  freguenlh  c tmsiderahle  iariahihn  of  shoreline 
t\pes  andprtu  v\s  vhanu  ten\n<  s « ithin  a small  re/fif>n  In  eastern  Canutla. 
n>nnnncnt  \ plannmfi  mint  loier  rods  xhitrelines.  \and  hi'uthes.  and 
muiUs  I iJfjy/x  There  alum  a wide  ranfie  of  litunal  prot  rts  envirtmnk’nts. 
trtnn  the  eKpoxed  Atlantn  i f»u\(  Ut  the  sheltered  Ba\  of  hinds,  sx  hu  h has 
fidul  ranitex  tm  the  order  of  10  t<*  15  meters  Three  examples  trom  eastern 
( anuiki  illustrate  the  xanahthrs  of  shorelines  andprin  ex.ses  in  the  i ontextof 
1 leanup  p/annin/( 


INTRODtCTIO!S 


[>unng  the  10  vcan»  since  Ihc  hrM  large  scale  cleanup  pmgram.  which 
followed  contammatHm  (»f  the  coasts  of  Kngiand  and  france  by  the  spill  of 
crude  oil  ln>m  the  (anker  tmres  Cunxon.^  large  number  of  major  spills  have 
occurred  thmugbout  (he  world  Oespiie  the  experience  (hat  has  been  gained, 
(here  is  considerable  (t>om  lor  impn>semcnt  in  contingency  planning  This 
discussion  will  focus  tmooc  method  by  which  improvements  could  be  made, 
that  IS.  b)  reconnaissance  surveys  ol  enviixinments  m areas  where  there  is  a 
high  nsk  of  coastal  oil  spills 

The  maji>r  factors  that  determine  (he  effects  of  a large  spill  on  a coast  are 
the  volume  <»f  otl  m the  spiJ).  the  type  of  oil  involved,  the  climatic  and 
metomtkigical  conditions  at  the  time  of  the  spill,  the  characleristics  of  the 
lituirai  energy  environment  (waves  and  tidcsi.  and  the  gcoU>gical  character 
of  the  coasuf  environment  Although  much  iskntiwn  about  the  hchavutrof 
different  types  of  oil  under  differrni  condilums.  because  ol  the  number  of 
sanahtes  involved  the  hist  three  factors  are  basically  unprediciable  The  last 
tw<i  factors  can  be  predetermined  fmm  held  work  or  fn>m  reconnaissance 
suAcys  They  can  Iv  used  as  the  tw-sis  lor  local  and  reguina)  contingency 
plans  by  providing  estimates  of  how  and  where  the  oil  will  he  deposited,  the 
persistence  <»f  the  oil.  the  suitability  of  cleanup  techniques  to  a particular 
location,  and  the  asaiiahihty  and  cost  of  those  techniques 

Three  examples  fnmi  s'»fy  different  coastal  environments  in  eastern 
Canada  wdi  be  used  to  illuo'^te  the  importance  of  understanding  the  varta' 
hility  of  lutorai  pr(H:es<s  and  of  geok)gic.i(  parameters  in  planning  cleanup 
programs 

1 the  Miuih  coast  of  C'hcdabucto  Bay  Is  essentially  a riKky  coast  on 
which  there  are  a few  piK'ket  beaches  of  pebble-cobble  seditnents  In 
this  insfancc.  contmgency  plans  need  only  allow  for  two  types  of 
shoreline  in  a single  littoral  energy  envinmmeni 

2 (he  sandy  beaches  of  the  Madgalen  Islands  represent  only  one 
shoreline  type  hut  have  two  distinct  littoral  energy  envinmments,  so 
ihai  two  plans  are  necessary  even  though  the  shoreline  type  is  uniform 


} in  marked  amirast  to  these  relatively  simple  coastal  env  ironments.  the 
Bay  of  Fund)  has  a large  number  of  shoreline  types  and  littoral  energy 
conditions  that  vary  considerably  The  contingency  plan  for  that  area 
must  include  specific  cleanup  respimses  to  acc<>mmodatc  each  cnsi 
fonment 


Figure  1 Location  ol  the  three  areas  of  study  m eastern  Canada 


Chedabucto  Bay,  .south  shore 


The  south  shore  i>t  ('hedahucto  Bay  ( Figure  1 i is  typical  of  much  ol  the 
exposed  nwky  shorelines  ol  the  Atlantic  coast  of  Nova  Scotia  The  piXKcss 
envjnvnmeni  is  t»ne  of  high  wave  energy  conditums  and  a tidal  range  on  the 
order  of  I 5 meters  This  is  a storm-wave  environment.*  and  the  f^ysica) 
ptxK'esscs  areTclaiivcIy  uniform  alimg  this  straight  seciMm  ol  coast . altht>ugh 
(here  ts  a small  decrease  in  energy  levels  to  the  west  as  the  ci»as(  becomes 
more  sheltered  from  the  Atlantic  The  variability  of  coastal  environments  is 
related  primarily  to  the  two  major  shoreline  types  that  are  present  in  this 
sectKin 

This  straight  sbiirtltne  is  a fault-line  coast  that  is  charactenied  by  low, 
resistant  cliffs  and  intertidal  riKk  platforms  The  uniform  character  is  inter 
ruptedby  small  bays  that  have  been  formed  by  wave  crosKvn  along  sectvndary 
faults  or  other  lines  of  weakness  The  OKky  coast  is  largely  devoid  ol 
sediment,  the  only  deposits  occur  w ithin  the  bays  and  lorm  piw  ket  beaches  of 
pebble-cobble  material  Very  little  materia)  ii  supplied  lo  (he  coast,  so  that 
(he  rate  of  sedmKnt  accumulatKin  is  very  slow  * 

The  deposition  and  fate  of  oil  on  exptvsed  OKky  coasts  is  very  difterent 
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tnmi  thdt  tin  the  hc<K  hcs  of  the  small  ba>s  Oil  coals  (he  surface  ol  (he  rocks  Removal  of  sciliment  from  (his  piKkei  hrach  led  to  lowerin|{  of  the  surfaie 

and  the  intertidal  aljtac  and  collects  in  supratidal  nKk  piNils  if  t.on(aminatKin  h)  as  much  as  two  meters  Hecause  no  sediment  was  available  to  nalurally 

tKcurs  during  pernids  t>f  high  water  levels  (spring  tides  or  stomist  The  replace  what  was  lost,  waves  washed  over  the  hraih  crest  and  withm  12 

trapping  of  oil  in  the  supratidal  HK'k  piHils  IS  parlKularlv  important  because  months  the  beach  crest  had  retreated  between  10  and  20  m Sediment 

oil  IS  stored  (here  until  released  bv  a subsequent  high  water  level  Kecon  renvival  must  be  avoided  in  this  type  of  envinmmeni  unless  the  beach 

tamination  of  adiaceni  shorelines  that  may  alrradv  have  been  cleaned  (natur  material  is  replaced  h\  equal  amounts  of  similar  si/ed  sediment  In  the 

ally  (H  by  a cleanup  operation  t mas  iKcur  Removalof  oil  tn>m  r«Kk  surfaces  example  from  Indian  ('ove.  more  damage  resulted  tn>m  the  rcmi*val  of 

or  rvKk  piMils  IS  usually  a slow  and  ddhcult  operatNm  requiring  manual  sediment  during  cleanup  than  had  occurred  originally  from  the  coniamma 

techniques  in  different  terrain  However,  in  this  high-en'*rgv  envinmmeni.  non  The  persistence  (me  of  oil  in  these  small  hays  is  high  because  (hey  are 

natural  self  cleao.ng  is  rapid  and  usually  eftcctise  set  back  fmm  the  mam  trend  of  (he  exposed  coavt  and  therefore  are 

f'lgua*  2 shows  those  sections  of  shoreline  that  were  contaminated  follow  sheltered  from  wave  activity 

ing  the  spill  of  Bunket  C oil  from  the  tanker  Arran  m 1*^70  Pic  upper  On  c»»bble  beaches,  oil  that  is  deposited  on  the  upper  hcach  during  storms 

diagram  indicates  all  liKations  where  od  was  observed  in  (he  shore  /imc  is  unaffected  hy  normal  wave  action  Inavmuch  av  the  oil  is  m>t  suhtevt  lo 

between  Marchand  June  1^70  The  lower  diagram  shows  the  actual  distnhu  ahrasam.  it  will  degrade  ver>  slowly  Subsequent  storm  waves  mav  erode 

non  by  the  end  ol  June  1^70  On  high-energy . exposed  nvky  coasts,  wave  the  beach  and  deposit  cobbles  on  the  upper  beach,  thus  burying  the  oil  laser 

action  abrades  and  disperses  the  oil  In  addition  lo  this  mechanical  action.  (Figure  M The  beach  may  appear  clean  on  (he  surface,  but  substantial 

weathering  pnvesses.  such  as  chemical  oxidation  and  microbial  attack,  are  amounts  of  oil  may  merely  have  been  covered  (Figure  4i 

accelerated,  and  the  shoreline  is  cleaned  naturally  within  a few  months 

Bv  contrast,  virtually  all  types  ol  oil  deposited  on  the  piKket  beaches  Sumnuiry.  hxposed  nH.k  coast  naluralcleanmg  is  rapidexccpt  above  the 

would  permeate  the  pebble  cohbtc  sediments,  making  it  necessary  to  re  limit  of  wave  activity,  cleanup  operalKms  would  require  manual  removal  of 

move  a seo'menl  oil  mixture  using  a tracked  vehicle  or  a frrtnl-cnd  loader  oil  from  pools  to  prevent  redistribution  hKkct  beaches  sheltered  fn»m 

(iraders  coujld  not  be  used  on  this  type  of  beach  At  one  site  on  this  coast  waves,  thcreloie.  oil  persists  longer  and  natural  cleaning  is  less  effective,  oil 

( Indian  Cove,  in  Fox  Bay  l studied  following  rhe  Amm  spill,  the  beach  was  would  permeate  pebble  cobble  sediments,  if  cleanup  is  necessan  it  wtHild 

contaminated  near  the  high  water  level  lo  depths  up  to  20  cm  ' * The  beach  require  removal  of  oil-sedimeni  layer  up  lo  bO  cm  deep  and  replacement  hy 

was  recontaminated  on  several  iKcasHins  hy  oil  released  Imm  adjacent  nurk  material  of  similar  si/e.  graders  could  not  he  used,  tracked  vehkle  would  he 

pools  during  high  spnng  (ides  required  for  mechanical  cleanup 


ATLASTiC 


^ OCEAN 


P91H  of  tKortlifi*  xofi«  >)0%  oil  <ov«ro9« 


Figure  2 Dittnbudoa  of  oM  retiduts  on  the  south  shore  ol  Chedabucto  Bay.  (A)  a oompilaton  of  all  locatons  whara  oil  was  obaarvad 
batwaan  March  and  June  1 970,  (B)  oil  rasiduas  in  lha  shore  zona  m June  1 070.  from  ground  and  aanal  obaarvatiorfs  f adapted  from  Owens 

and  Rashfd’) 


f 
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Figure  3 Cobble  beach  Chedabucto  Bay  this  beach  was  severely 
contaminated  during  the  spring  ot  1970  the  photograph,  taken  in  the 
spring  of  1 973  shows  that  the  oil  deposited  above  the  high  water  mark 
had  undergone  bttie  abrasion  during  the  three-year  period,  but  that  it 
was  being  buried  by  material  thrown  up  onto  the  top  of  the  beach  by 
the  action  of  storm  waves 


vanatKin  in  energy  levels  due  to  the  higher  frequency  of  storms  in  sv inter 
months  Wave  energy  levels  alsti  arc  higher  in  winter  than  in  summer 
months  on  the  ea.st  coast,  hut  the  seasonal  variations  in  wave  height  are  over 
shadowed  hy  the  effects  of  storm  waves,  which  pn>duce  large,  short  term 
variability  thmughiiut  the  year 

Both  coasts  have  long,  straight  sand  beaches,  therefore,  in  terms  of 
shoreline  types  and  sediment  charactenstics.  the  west  and  east- facing 
barners  arc  similar  The  differences  that  have  been  reported*  result  fn»m  the 
contrast  m the  littoral  energy  environments  The  effects  of  a ma|or  spill  in  the 
vicinity  of  the  Magdalen  Islands  would  be  very  different  on  the  west  than  on 
the  east  coast,  making  it  necessary  to  have  two  response  plans  available  f)il 
would  be  deposited  in  the  same  manner  and  at  the  same  locations  on  the 
beach  in  these  two  envimninents  Owing  to  the  small  grain  si/e  of  the 
sediments,  the  oil  will  not  penetrate  the  beach  unless  it  is  fresh  cmde  or  a 
very  light  grade  petn^leum 

Mechanical  cleanup  with  graders  would  not  be  easy  on  the  western 
barriers  as  the  beach  is  too  narn>w  (2(1  to  .M)  ml  and  beach  gradients  are 
frequently  too  steep,  particularly  during  winter  months  It  is  likely,  there 
fore,  that  (racked  vehicles,  front-end  loaders,  or  even  manual  techniques 
would  he  necessary  on  this  coast  Graders  most  pnibabiy  could  be  used  on 
the  wider,  flatter  eastern  barriers 

( )ne  pniblem  on  the  east  coast  would  (Kcur  if  the  oil  were  deposited  during 
storm  wave  conditions  The  eroded  beach  would  recover  very  rapidly  mas 
much  as  accretion  has  been  observed  within  two  or  three  days  following  a 
storm  ' I'nless  oil  were  renKived  quickly  fmm  these  east  coast  beaches,  it 
would  be  buried  by  sand  bars  that  migrate  onto  the  beach  during  the 
post-storm  recovery  phase  (higua*  6|.  Cleanup  would  then  involve  excava 
tion  of  the  beach  to  remove  the  oil  (f  igure  7)  The  persistence  time  of  oil  on 
the  two  beaches  would  also  be  very  different  With  higher  wave  energy 
levels  on  the  west  coast,  the  mechanical  and  chemical  breakdown  of  oil  in 
the  littoral  environment  would  be  more  rapid 

77ie  most  important  aspect  of  the  sand  beaches  of  eastern  Canada  and 
many  parts  of  the  cast  coast  of  the  I'  S is  that  the  beaches  are  very  mobile  as 
a result  of  storm  wave  activity  and  post-storm  accretion  The  constant 
movement  ot  sediments  would  lead  to  buna!  of  oil  in  some  locations, 
whereas  in  others  U would  be  emded  It  cleanup  is  necessary  it  should, 
therefore . be  earned  out  as  stnin  as  possible  after  the  oil  reaches  the  beach 

Summiiry.  Oil  would  affect  both  beaches  in  a similar  manner,  but 
different  cleanup  techniques  would  be  required  On  the  west  coast,  the  heach 
generally  is  narrow  and  sleep  so  that  graders  could  probably  not  be  used, 
tracked  vehicles  or  manual  techniques  would  he  required  Because  ot  high 
wave  energy  levels,  dispersal  and  shemical  degradation  would  he  relatively 
rapid  On  the  east  coast,  graders  pmhably  could  hi*  used  It  the  beach  is 
contaminated  dunng  storm  condilKtns.  oil  residues  would  pmbably  he 
buried  within  two  or  three  days  Because  wave  energy  levels  are  lower  than 
on  west  coast,  residues  persist  longer 


Figure  4 Effects  of  storm-wave  action  on  oit  resKjues  deposited  on  a 
cobble  beach  m (a)  oil  is  deposited  above  the  high  water  mark  (HW). 
(b)  a subsequent  storm  will  erode  the  intertidal  beach  and  waves  will 
push  the  cobbles  onto  the  upper  beach  to  cover  the  oil  deposit,  (c)  a 
second  storm  will  continue  this  process,  gradually  exposing  more  of 
the  buried  oil-sedirnent  layer 


Islands 

Thr  Magdalen  Islands,  kwaird  in  the  central  Ciultof  .St  Lawrence  (Figure 
I ).  consist  of  a series  ot  barrier  beaibes  that  connect  small  bednK'k  oulemps 
(Figure  ^1  Because  the  tidal  range  is  less  than  one  meter,  wave  energy  is 
loncentraied  in  a narrow  vertical  band  The  wave  climate  is  dominated  by 
kx ally  generated  wind  waves  Wave  energy  levels  are  higher  on  the  west 
coast  tn  all  seasons  ow  ing  to  the  prevailing  onshore  winds  on  (hat  coa.st  * The 
iharactenshi  feature  of  the  west  coast  pnxess  environment  is  the  seasonal 


Figure  5 The  Magdalen  Islands.  Quebec,  distribution  of  barrier 
beaches  and  directions  of  sediment  transport 
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Figure  6 Sand  beach.  Chedabucto  Bay  the  beach  was  cuvered  by  a 
thck  deposit  of  oil  on  the  upper  parts  of  the  intertidal  zone  this 
photograph,  taken  a month  attei  the  oil  had  been  laid  down,  shows 
that  most  of  the  oil  was  buned  by  sand  with  only  the  outer  portion  of  the 
oil  sedimeni  layer  exposed  (see  Figure  7f) 


Bn)  of  Fund> 

punning:  rcvpiinsc  liKlics  iii  the  UKai  IcncI  takes  int«i  account  sanations  m 
shttrriinc  types  and  pnK  css  characteristics  f^*paration  ot  contingcnc)  plans 
at  the  regional  level  involves  a much  wider  range  of  responses  in  order  to 
include  all  the  hval  aspects  In  the  Hay  of  Fund) . which  has  a coastline  ol 
a|)prosimateiv  1 .4(Ml  km.  six  ma|or  coastal  envinmments  have  been  iden 
titled  (f  igure  M.  Table  h hach  ol  the  c^>astal  envininments  either  has 
distinctive  physical  parameters  (geology  or  geom«»rphol*»gy  l or  disCinctive 
priKCsses  (waves  or  tides)  that  distinguish  it  frtim  the  other  c'oasts  of  Fund) 

(Manning  tor  oil  spill  cleanup  of  the  coast  also  rec|uires  a knowledge  ot 
shtfrcUnc  /ypes  in  fho  rrgron  ma/or  types  of  shoreline  have  been 
recognized  (Table  2i  C)ii  dept  >ilion  and  persistence  are  ditlcnrnl  in  each 
sh<»rrhne  type,  and  each  type  could  (Kcur  in  any  ot  the  six  coastal  envimn 
nienis  aith«>ugh . tor  example . marshes  occ  ur  primarily  in  the  sheltered  areas 
ot  Minas  Hasin  and  C'hignecto  Hay  . wherea.s  sheltered,  resistant  coa.sts  are 
more  ct*mnM»n  in  the  m*nhwestem  shtue  envmmment  (particularly  Pas 
saniacjuiickJy  Hay  I It  is  rH>t  possible  to  discuss  each  ol  the  coastal  cnvinm 
menisor  the  sh«>rrline  types,  and  two  examples  will  be  considered  briefly 
the  Head  ol  the  Hay  . which  has  resistant  chtfs.  large  embay  mcnis.  and  bay 
beaches,  and  the  Minas  Hasin.  which  is  characterized  primarily  by  intertidal 
sand  iH  mud  cJeposifs  and  by  marshes  in  sheltered  arras 

TW  Head  of  tlie  Bay.  this  coastal  envinmment  (Fig  d)  has  (wo  mayor 
shoreline  types  resistant  nicky  cliffs  and  large  ctibbfe  beaches  in  the  three 
embaymrnts  Oil  (Hi  nwky  coasts  has  been  discussed  briefly  above  in 
c'onnec  lion  w ith  (he  south  sht>re  of  ( 'hedabucto  Bay  ( )ne  majcH  ditlerence  in 
(he  Bay  of  Funds  envinmment  is  that  littoral  priKesses  are  ciominatedby  (he 
effects  of  (he  tides  In  the  ficad  of  (he  Bay  area  (he  tidal  range  ts  on  (he  order 
of  nine  ki  1 2 m.  so  that  wave  energy  is  dissipatedover  a wide  vertical  range 
Also,  this  ts  a sheltered  wave  environment,  and  levels  of  wave  energy 
initially  are  lower  than  (Hi  the  exposed  Atlantic  coast  MechanKal  abrasion 


Figure  7 Effects  of  storm  wave  action  on  oil  residues  deposited  on  a 
sandy  beach  (a)  the  pre*storm  beach.  (b|  oil  is  deposited  on  the  upper 
beach  after  a storm  has  eroded  the  intertidal  beach,  (c)  post  storm 
recovery  commences  and  sand  migrates  back  into  the  mteriidai 
beach,  (d)  and  (el  the  sand  then  will  cover  the  oil  deposit,  (f)  a later 
storm  will  expose  the  buried  oiFsediment  layer 


of  intertidal  oil  residues  is  therefore  much  slower  in  (his  urea  Mo\i  ot  the 
nvky  scctKms  ol  c'oast  are  inaccessible,  and  cleanup  would  be  considered 
only  it  large  amountv  of  oil  were  (rapped  in  n>ck  pools  and  threatened  ii^ 
amtammatc  adiacenr  marshes  or  beaches 

An  idealized  cniss  sectH>n  » mss  tvne  ol  the  bay  bead  bcac  hes  that  iKcur  in 
each  of  (he  three  large  embayments  shows  a distinct  change  in  sediment 
types  between  the  k>w  water  mark  itfid  the  marsh  The  storm  ridge  ol  cobble 
material  gives  wav  seaward  to  a very  strep  beach  ot  pebble  v-obhle  sedi 
ments  TTiis  is  replaced  in  the  lower  foreshore  by  an  almost  Hat  mud  deposit 
(hat  IS  up  to  I ,(XIO  m wide  in  places  (Figure  10  and  Ih  Oil  would  be 
deposited  mainly  on  the  c'oarse  sediments,  wheie  it  would  penetrate  tbe 
surlace  material  As  the  mud  Hats  are  wet  even  when  exposed  at  kvw  tide,  oil 
(HI  the  surface  would  be  refloated  by  (he  Hood  tide  However,  oil  (hat  collects 
m depressHins  or  permeates  the  mud.  ihn>ugh  burrow  h(dcs.  etc  . would  be 
rapidly  covered  by  a mud  veneer  after  only  one  or  two  tidal  cycles  Once 
buned.  this  oil  would  persist  because  of  lack  of  mechanical  abrasNvn  and 
anaembic  c(Hi(ii(Kins  that  prevent  oxidatam  and  micmbial  dcgrada(H>n 
Amounts  ol  oil  on  the  central  and  upper  sectHins  of  the  beaches  would 
pmbaWy  he  very  large  in  these  three  embayments  Wind  dnven  surfaic 
cuirents  are  pnmanly  fn>m  the  west  vouthwest  and  arc  generated  by  the 
prcsailing  and  dominant  westerly  winds  along  the  axis  of  the  bay  The 
embaymenis  face  Che  west  or  southwest  and  are  bounded  by  nvky  head 
lands  Any  slicks  that  entered  the  three  embayments  would  be  trapped,  and 
the  (h1  most  likely  would  be  'ieposiied  on  the  hay  head  beaches  These' 
bay  head  beaches  would  present  a problem  lor  a cleanup  program  becausc 
oil  almosi  cetiainly  would  he  trapped  in  rxKk  pools  (Hi  the  rxx'kv  c'oasts 
ad)acent  to  the  beaches,  and  the  pmhiem  of  recHintaminaiKin  would  be  very 
real  Acc'ess  lo  these  nxky  headlands  u difficult  and  often  dangerous  ow  ing 
(o  the  rapid  speed  (Vith  whtch  the  flooiiing  tide  nxes  Removal  of  coniami 
Rated  sediments  from  the  beaches  would  lead  to  an  unstable  condiium 
inasmuch  as  the  input  of  sediment  to  replace  that  which  would  be  removed 
would  be  very  slow  Replacement  of  the  material  would  be  necessary  to 
avoid  initiating  any  erosHHi 
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Figure  8 Subdivisions  of  the  Bay  of  Fundy  shoreline  into  six  coastal 
environments 


h is  clear  that  in  this  instance  many  factors  must  he  considered  helore  a 
cleanup  operation  could  he  initiated  it  is  also  important  that  each  of  the 
points  discussed  briefly  above  is  predictahle.  so  that  a praclicahle  con 
tingiency  plan  for  this  envinmment  can  he  prepared  in  advance 

Mines  Basin.  The  charactenstics  of  the  shoreline  of  the  Minas  Basin  are 
extremely  varied,  ranging  fmm  sandstone  cliffs  to  marshes  and  fmm  wide 
intertidal  sand  flats  to  rock  platforms  Two  of  the  most  common  comhina 
tions  of  shoreline  types  are  mud  flats  or  sand  flats  hacked  by  either  unresis- 
tant  till  cliffs  or  marshes  (Figure  12)  The  tidal  range  is  greater  than  lOm.a 
maximum  of  16  m has  been  recorded  in  places  during  spring  tides  This  large 
tidal  range . coupled  w ith  low  coastal  rone  gradients,  gives  a wide  intertidal 
rone  (hat  is  exposed  at  low  tides  (Figure  K)  Where  present,  (he  intenidal 
deposits  arc  either  sand  or  mud  and  rest  on  a wave-cut  till  anchor  bedrock 
platform 

The  mud  flats  rarely  air  completely  dry  at  low  tide  and  frequently  have  a 
thin  film  of  water  on  the  surface  of  the  sediments  Oil  deposited  on  the 
surface  would  be  refloated  by  nsing  tide  and  earned  elsewhere  As  noted 
above,  any  oil  that  isbuned  would  be  pmiectcd  fmm  mechanical,  chemical, 
and  micmbial  degradation  and  will,  therefore,  persist  for  a long  time  unless 
subsequently  exposed  by  changes  in  bottom  morphology 


Table  I.  C'haracteriatict  of  the  coastal  environments  of  the  Bay  of  Fundy 


Subdivision 

(ieological 

character 

Backshore 

relief 

Beach 

character 

I etch  and 
wave  exposure 

Mean  tidal 
range 

Sediment 

availability 

1 South  Shore 

resistant 
basalt  dyke 
parallels 
coast 

low  rocky 
coast  or 
cliffs  up 
to  m 

absent  or 
narrow  cobble 
iH'ach  at  high 
water  mark,  with 
wide  intertidal 
platform 

sheltered 
(50  km) 

6 to  10  m 

very  sparse 

2 Mead  of  the 
Hay 

resistant 

renks. 
basalts  or 
granites 

cliffed 
coast,  up 
to  200  m 

ahsent  or  larye 
pocket  beaches 
of  pcb  cob  on 
beachlace  and 
mud  overlyint! 
coarse  sediments 
m intertidal  /one 

exposed 
(50-100  km) 

10  m 

sparse,  but 

locally 

abundant 

y Minas  Basin 

sandstone 
and  shales, 

Of  unconsol- 
idated 
glacial 
deposits 

cliffs,  up 
to  .10  m 

w kle  intertidal 
mud  or  sand 
flats  on  rock 
platform,  peb, 
cob  beach  at 
hw  m;  marshes 
in  sheltered 
areas 

very 

sheltered 
(<50  km) 

>10  m 

abundant 

4 ('hif:ncito 

Bay 

sandstones 
and  shales 

cliffs,  up 
to  20  m 

W ide  intertidal 
mud  flats  on 
rock  platform. 
|X'b/coh  beach 
at  hwm:  ex- 
tensive marshes 
in  sheltered 
areas 

very 

sheltered 
(<50  kml 

> 10  m 

abundant 

5 North  Shore 

rcMitant 
rocks,  sed- 
montary  rocks 
and  intrusives. 
thin  till  cover 

cliffs 

(west,  5 to 

60  m,  east. 
>l00m) 

ahscnl  or 

coarse- 

grained 

pocket 

beaches 

sheltered 

t<50km 

6 to  10  m 

very  sparse 

6 Northwest 

Shore 

resistant 
rocks,  thin 
■ill  cover 

low  rocky 
coast  or 
cliffs. 

5 to  .?0  m 

absent  or 

coarse- 
graiiK'd  and 
narrow 

outer  eoast 
exposed,  rest 
sheltered 

K.10  kml 

6 m 

sparse 
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Table  2.  Shoreline  types  in  the  Bay  of  Kundy 
I Rock  or  cliff  shorelines 

1 I xposcd,  resistant  coast  vs ith  loss  backshorc  or  cliffs 

• with  no  beach  or  intertidal  platform 

• with  wave-cut  platform  devoid  of  sediments 

• with  wave-cut  platform  and  beach  at  hiph-water  line 

• with  wave-cut  platform  and  intertidal  scdimentslsec  9.  below  ) 

2 Sheltered,  resistant  coasts 
3.  I \ posed,  unresistani  cliffs 
4 Sheltered,  unresisiant  cliffs 

II.  Shorelines  with  beaches 

5.  ( obble  or  mixed-sediment  beaches 

• beach  at  base  of  cliff 

• beac  h with  overwash 

• beach  with  inlet  and  or  lagoon 

6.  Sand  beaches 

7.  Pocket  beaches 

• on  rocky  coasts 

• in  a large  embay  men  I 

8 Beaches  in  sheltered  environments 
III  Shorelines  with  intertidal  sediments 

9 ('oar.«'  sediments  on  a wave-cut  /slattorm 

10  Intertidal  mud 

11  Intertidal  sand 

IV.  Shorelines  with  vegetation 
12.  M arshes 


F igur«  9 Th«  Head  of  tha  Bay  this  subdivision  is  chat actariaad  by 
thiaa  taiga  ambaymants  that  ara  aaposad  to  tha  southwast.  each  has 
a taiga  pabbla-cobbla  baach  that  is  backad  by  marshas  and  liontad  by 
mud  Hats  (Figura  11) 


Figura  10.  A pockat  baach  on  tha  north  shora  ol  tha  Bay  of  Fundy 
although  this  baach  is  much  smallai  than  thosa  in  tha  laiga  ambay- 
ments.  it  has  the  same  sequence  ol  cobble  ndga-pebbla'cobbla  intei- 
lidal  baach-mud  flats,  the  tidal  range  at  this  site  is  7 5 m.  the  photo- 
graph was  taken  at  low  tide 
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F>gu*e  M tdeati/ed  profit  across  the  mterlidal  zone  on  one  of  the 
large  embayment  beaches  m the  Head  of  the  Bay  subdivision 


Figure  13  Sand  waves  in  the  intertidal  zone  of  the  Minas  Basin  the 
distance  between  the  crests  of  the  waves  is  approximately  5 m.  and 
the  height  of  the  sand  waves  is  about  1 m.  the  sand  waves  are 
migrating  from  left  to  right  m this  photograph 


Figure  12  Idealized  profiles  across  two  of  the  major  shoreline  types 
that  occur  in  the  Minas  Basin  (A)  intertidal  sand  flats  with  a gravel 
beach  at  the  highwater  mark  and  an  unresistant  till  cMf.  (B)  intertidal 
mud  flats  that  give  way  to  salt  marshes  above  the  high  water  mark 
(adapted  from  Datrymple  et  al  .*  Swift  ef  al  *) 


Oil  dcpiiMled  on  dry  mud  flats  or  sand  Hals  would  be  subject  to  mcchani 
cal  abrasion  and  burial  T'hc  sand  deposits  arc  in  a slate  of  constant  motion, 
primarily  in  asvKialKin  with  the  strong  tidal  currents,  which  reach  velocities 
up  to  2 rrvsec  ' Although  wave  aciHin  is  minimal  inasmuch  as  this  is  a very 
sheltered  envimnmeni.  the  high  level  of  tidal  energy  generates  rapid  sedi 
meni  transport  Sand  grains  are  moved  individually  along  the  surface  and 
mechanical  abrasion  results  Sand  waves  up  to  2 m thick  can  be  formed  that 
migrate  as  a body  ac  mss  the  sand  flats  (Figures  I3and  14)  The  migratam  of 
these  sand  waves  or  of  mud  deposits  would  lead  to  temporary  bunal  of  oil 
deposited  in  the  intertidal  /one  Cleanup  on  (he  mud  flats  would  be  almost 
impossible  owing  to  the  great  difhcully  of  access  tor  walking  acmss  mud 
flats  IS  often  very  skiw  and  exhausting  The  sand  flats  can  he  traversed  ea.sily 
on  fiMX . but  operations  would  be  complicated  by  the  speed  at  which  the  ris- 
ing tide  emsses  the  wide  flats,  which  often  is  faster  than  a person  can  run 
Where  the  intertidal  deposits  have  a pebble  cobble  beach  and  a till  cliff  in 
the  upper  foreshore  (Figure  12.  top),  any  oil  deposited  on  (he  beach  would 
only  skiwly  he  abraded  W ave  energy  levels  are  low  in  this  env  imnmeni . and 
(he  waves  are  active  on  (he  beach  only  for  brief  perK>ds  at  the  flood  of  the 
tide  Mechanical  abrasKm,  however,  may  be  less  important  in  this  envtmn- 
ment  than  weathenng  The  small  surface  area  and  low  adsorptive  capacity  of 
pebble  sized  material  would  expose  mi^re  oil  to  chemical  oxidalnm  and  to 
pbokKhemical  and  microbial  weathering  than  would  he  the  case  on  smaller 
si/ed  sedimen'.s 


The  till  cliffs  are  composed  largely  of  easily  emdable  unconsolidated 
clays,  sands,  and  cobble  The  beach  acts  a.s  a buffer  to  pmtect  (he  base  of  (he 
cliff  fmm  erosion,  so  (hat  removal  of  contaminated  matenal  fmm  the  beach 
could  reduce  the  level  of  pmieciKin  and  could  initiate  a period  of  cliff 
emsam  If  replacement  of  sediment  is  rM)l  possible . natural  cleaning  could  be 
hastened  by  pushing  the  c^mlaminated  sediments  down  the  beach  toward  the 
water  line  and  allwmg  (he  nstng  tide  to  transport  (he  material  back  up  the 
beach  This  ^hnique  would  not  lead  to  complete  removal  of  the  oil  hut 
would  at  leaxt  speed  up  the  pnK'ess  of  mechanical  abrasion 


SAND 


Figure  14  Sand  wave  migrating  across  an  intertidal  oil  deposit  (see 
Photo  13) 


If  (he  intertidal  deposits  are  backed  by  marshes . oil  would  be  deposited  on 
the  marsh  surface  only  during  peruidsitf  spring  tides  or  high  water  levels  that 
result  from  storm  surges  The  level  of  the  marsh  is  above  (he  mean  high 
water  mark,  and  oil  would  otherwise  be  conhned  to  the  tidal  creeks  (Xinng 
slack  (ides  wind-dnven  slicks  would  be  carried  to  the  east  by  the  prevailing 
and  dominant  westerly  winds  They  would  be  earned  toward  (he  marshes 
because  these  (Kcur  pnmanly  at  the  eastern  ends  of  Minas  Basin  and 
C'hignecto  Hay  (Figure  K)  Unless  carried  out  oi  he  marsh  areas  hy  the  ehb 
tides,  (he  oil  would  he  trapped  (here  In  terms  of  preventive  measures,  (he 
marsh  areas  should  receive  high  pnonty  inasmuch  as  cleanup  is  very  difhcull 
in  this  type  of  envinmment  and  they  arc  very  sensitive  ecological  systems  in 
terms  of  both  fauna  and  flora 

Summary.  The  Bay  of  Funds  includes  a complex  suite  of  shoreline  types 
within  six  major  coastal  envimnments  At  the  Head  of  (he  Bay.  the  large 
embayments  would  act  as  traps  for  wind-  or  curreni-dnven  slicks  moving 
from  west  to  ea.st  (>n  mud  flats  in  (he  lower  foreshore,  buned  oil  would  not 
be  subjected  to  mechanical,  chemical,  or  microhia*  Jegradalion  Manual 
cleanup  before  burial  would  be  the  only  effective  technique  for  oil  removal 
Oil  should  be  removed  from  adjacent  rock  shores  to  prevent  reoiling  of 
cleaned  sections  Renvival  of  oiled  sediments  from  cobble-pehhle  beaches 
would  require  replacement  of  the  matenal 

In  the  Mints  Basin  area,  sediments  constantly  are  being  redisinbuted  in 
(he  inienidal  zone,  so  (hat  hunal  of  oil  is  very  probable  No  prat  ticai  or 
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ettcctivr  to  clcun  the  intcrtidiil  /one  is  kmmn  II  matenal  is  removed 
tmm  the  hase  ot  uniiinsoiidaicd  clifls.  it  should  be  replaced  to  prtUcct  did 
tmm  en>sMm  Marshes  v^ould  he  better  protected  than  cleaned 


CONCLUSIONS 

Mans  aspects  of  a spill,  such  as  the  type  and  volume  of  oil.  will  he 
unkrsown  until  the  event  iKcurs  Nor  can  (he  meteomlogical  and  ixeanog 
raphK*  condiiHins  be  predicted  accurately  Other  aspects  of  spill  behavior  can 
be  studied,  (hough,  as  pan  ot  preparing  contingency  plans  Prediction  of  the 
nxivement  of  oil  using  modeling  techna^ues  is  a valuable  tool  in  defining 
probable  areas  where  a slick  would  impact  on  (he  coast  * Knowledge  of  (he 
shoreline  types,  the  beach  sediment  types,  and  the  temporal  variations  in 
shoreline  morphology  are  critical  elements  in  predicting  or  estimating  the 
distnhutmn  and  persisterwe  of  an  oil  slick  (hat  reaches  (he  coast.  This 
intormation  can  be  obtained  cither  fmm  existing  data  sources  or  from  field 
studies  and  can  be  related  to  potential  spill  situations 

Beach  dynamics,  including  spatial  and  temporal  variations  ot  the  beach, 
are  relatively  well  understood,  particularly  for  sand  coasts  Although  the 
e^act  forcing  functions  and  sediment  pathways  may  he  open  to  question, 
beach  responses  on  sand  and  pebble  cobble  coasts  can  be  defined  for  given 
envininmental  conditions  Muddy  coasts  are  less  well  known  at  present, 
pnmanly  because  of  the  dithcullies  of  held  study  in  this  type  of  envimn- 
ment  The  coastal  geologist  is  in  a position  to  pmvide  contingency  plans  on 
specihe  sections  ot  coast  that  will  be  valuable  m determining  the  impact  of 
oil  <wi  the  shore,  and  to  assess  the  effects  of  various  cleanup  techniques  in 
terms  of  beach  stability  and  sediment  replenishment  The  latter  point  is  of 
great  importance  inasmuch  as  application  of  unsuitable  techniques  may  lead 
to  more  damage  than  would  have  been  caused  by  the  oil  alone  This  is 
particularly  important  in  areas  of  limited  sediment  supply  to  the  beach  and 
where  a beach  acts  as  pmtection  tor  unconsolidated  backshore  cliffs. 

Ii  IS  well  known  (hat  the  type  ot  oil  and  the  nature  of  (he  sediments  aa* 
important  in  predicting  such  factors  as  the  depth  to  which  oif  will  penetrate  a 
beach  Many  other  parameters  must  he  considered  also  in  order  to  estimate 
the  effects  of  a spill  on  different  sections  of  coast  Uingshorc  currents,  tidal 
range,  and  levels  of  wave  energy  will  affect  the  nature  of  the  contamination 
as  much  as  the  type  of  oil  or  the  si/c  of  the  sediments  These  parameters  vary 
considerably  along  shore  even  on  very  short  seetKins  of  coast,  thus  making 
the  development  of  effective  IcKal  contingency  plans  more  difficult. 

The  examples  fmm  ea.stem  Canada  illustrate  the  variety  of  conditions  mat 
can  face  a cleanup  manager  The  development  of  UKal  contingency  plans’* 
requires  not  only  the  organization  of  prepared  personnel  with  defined  re 
sponsibiliiies  but  also  «tfi  adequate  knowledge  of  (he  site  conditions.  Recon- 
naissance studies  of  high-risk  coasts  can  provide  this  information  which  then 
can  be  presented  in  a formal  suitable  for  use  by  field  personnel 
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context  of  cleanup  planning. 
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WAVE  ACTION  AND  BOTTOM  MOVEMENTS  IN  FINE  SEDIMENTS 

Michael  W.  Tubman  and  Joseph  N.  Suhayda 
Coastal  Studies  Institute,  Louisiana  State  University 
Baton  Rouge,  Louisiana  70803 


Abstract 


Mudbanks  have  been  observed  to  have  an  extraordinary  calming  effect  on 
the  sea  surface.  In  certain  cases  this  effect  Is  due  primarily  to  the  trans- 
fer of  energy  through  the  sea/mud  Interface  and  Its  frictional  dissipation 
within  the  bottom  sediments.  This  paper  describes  an  experiment  that  meas- 
ured wave  characteristics  and  the  resulting  sea  floor  oscillations  In  an  area 
where  the  bottom  Is  composed  of  fine-grained  sediments.  The  energy  lost  by 
the  waves  at  the  position  of  the  experimental  setup  Is  calculated  and  com- 
pared with  a direct  measurement  of  the  net  energy  lost  by  the  waves  In  going 
from  the  point  of  the  experiment  to  a station  3.3S  km  Inshore.  Results  show 
that  bottom  motions  In  the  range  of  wave- Induced  botL-im  pressures  from  near 
zero  to  2.39  x 10^  Pascal  have  the  appearance  of  forced  waves  on  an  elastic 
half  space.  The  apparent  effect  of  Internal  viscosity  Is  seen  In  a phase 
shift  between  the  crest  of  the  pressure  wave  and  the  trough  of  the  mud  wave. 
Measurements  show  this  angle  to  be  22*  (^11*)  for  the  peak  spectral  component 
(T  M 7.75  seconds).  The  energy  lost  to  the  bottom  by  the  waves  at  the  field 
site  was  found  to  be  at  least  an  order  of  magnitude  greater  than  that  result- 
ing from  the  processes  of  percolation  or  that  caused  by  norsial  frictional 
effects.  This  newly  observed  mechanism  for  the  dissipation  of  wave  energy 
Is  particularly  Important  for  waves  In  Intermediate-depth  water  and  could  be 
a prime  factor  In  determining  design  wave  heights  In  muddy  coastal  areas. 


Introduction 


The  extraordinary  calming  effect  that  mudbanks  exert  on  surface  waves 
has  been  recognized  for  at  least  two  centuries.  With  the  development  of  the 
offshore  oil  Industry  there  also  came  a recognition  that  large  vertical  and 
horizontal  dislocations  of  the  sea  floor  could  occur  In  areas  where  the  bot- 
tom Is  composed  of  fine-grained  sediments.  That  these  large-scale  movements 
might  be  linked  to  wave  activity  was  dramatically  suggested  In  1969  when  two 
oil  platforms  were  toppled  during  Hurricane  Camille  (Sterling  and  Strohbeck, 
1973).  The  problem  of  fine-grained  sediment  mass  movements  has  led  to  both 
theoretical  and  laboratory  studies  of  the  Interaction  of  surface-wave-induced 
bottom  pressures  and  fine-grained  sediments.  However,  direct  measurements 
of  wave-induced  pressures  and  resulting  bottom  movements  have  not  been 
reported  prior  to  our  work. 

The  results  of  our  work  describing  the  response  of  bottom  sediments  to 
wave  pressures  were  first  presented  by  Suhayda  et  al.  (1976).  The  analysis 


1168 


FINE  SAND  MOVEMENT 


1169 


of  the  field  data  presented  here  concentrates  on  the  effect  that  this  inter- 
action has  on  the  loss  of  wave  energy.  In  the  area  where  our  study  was  con- 
ducted (see  Fig.  1),  the  sediment  concentration  of  the  water  column  was  not 
a significant  factor  contributing  to  the  loss  of  wave  energy.  It  has  been 
suggested  that  water  column  sediment  concentration  is  the  key  factor  in  the 
calming  effect  of  mudbanks  (Delft  Hydraulics  Laboratory,  1962);  however,  the 
forcing  of  a mud  wave  by  wave-induced  pressures  is  also  a part  of  the  physi- 
cal processes  wherever  fine-grained  sediments  occur.  An  understanding  of 
this  process  is  important  not  only  in  the  Mississippi  Delta  but  also  in  such 
coastal  areas  as  the  Gulanas,  the  northern  coast  of  China,  and  southwest 
India,  where  extensive  areas  of  fine-grained  sediments  occur. 


Methods 


As  a cooperative  research  effort  by  scientists  of  the  Marine  Geology 
Branch,  United  States  Geological  Survey,  Corpus  Chrlstl,  Texas,  and  the 
Coastal  Studies  Institute,  Louisiana  State  University,  two  field  sites  were 
instrumented  in  East  Bay,  Louisiana.  The  primary  experimental  station  and 
the  location  of  a nearby  soil  boring  are  shown  in  Figure  1. 

Results  of  analysis  of  the  boring  (Fig.  2)  show  the  bottom  sediments 
to  be  very  soft,  recently  deposited  material  from  the  Mississippi  River. 

Shear  strengths  range  from  1.57  kllonewtons/meter^  (kN/m^)  near  the  water/ 

sediment  interface  to  2.36  kN/m^  3 meters  into  the  sediment.  These  low 

values  of  shear  strength  are  comson  in  the  Mississippi  Delta.  The  boring 
log  shows  no  evidence  of  the  crust  zone  that  often  occurs  in  these  sediments 
between  -3  and  -10  meters.  In  places  where  the  sharp  increase  in  shear 
strength  that  defines  a crust  zone  occurs,  it  is  convenient  to  model  the 
physical  system  as  a light  Newtonian  fluid  overlying  a dense,  non-Newtonian 
fluid  with  a rigid  bottom. 

The  measurement  of  bottom  movement  was  complicated  by  two  factors. 
First,  the  measurements  had  to  be  made  away  from  a platform  to  ensure  that 
the  motion  of  natural  muds  would  be  measured.  Secondly,  bottom  motions  under 

typically  encountered  wave  conditions  were  thought  to  be  small,  and  therefore 

high  resolution  was  needed.  Both  probleaw  were  overcome  by  burying  acceler- 
ometers in  the  mud.  Though  displaceme.tts  were  around  1 cm,  accelerations 
were  such  that  they  could  be  reliably  mesiiured  and  required  no  fixed  refer- 
ence. 


Three  Brucl  and  KJoer  type  8306  accelerometers  were  mounted  so  as  to 
measure  the  accelerations  in  three  dimensions  (Fig.  3).  They  were  placed 
in  a water-proof  cylindrical  PVC  housing  measuring  0.215  meter  in  diameter 
and  0.635  meter  in  length  and  having  a submerged  weight  of  5.5  kg.  The 
housing  was  pushed  into  the  mud  by  a diver  so  that  the  top  of  the  package 
was  0.15  mater  below  the  mud  line.  The  electronic  cable  coming  from  the 
top  of  the  package  was  given  6.5  meters  of  slack,  all  of  which  was  burled  in 
the  mud,  and  then  fixed  to  a taut  galvanized  cable  that  was  laid  along  the 
bottom  between  a nearby  well  jacket  and  our  main  InstruaMnted  site.  Platform 
V.  Platform  V,  in  19.2  meters  of  water,  is  shorn  in  Figure  4.  The  cable 
from  the  accelerometer  was  brought  along  the  galvanized  cable  and  up  the 
platform  leg  to  the  recorders.  The  location  of  the  accelerometer  was 
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Figure  2.  Results  of  soil  boring  tsksn  near  field  site  (1  kip/ft^  > 
48  kilonewcons/a^) , Por  location  sec  Figure  1.  (Boring  courtesy  U.S. 
Geological  Survey,  Marine  Geology  Branch,  Corpus  Chrlstl.) 


directly  beneath  the  catwalk  between  the  two  structures  so  that  a pressure 
cell  attached  to  a weighted  cable  could  be  suspended  over  the  package. 

Figure  S is  a schematic  representation  of  the  experiment  and  the  physical 
system.  The  location  of  the  pressure  sensor  was  known  to  be  within  a radius 
of  2 meters  from  the  accelerometer.  This  uncertainty  in  position  could 
cause  an  error  in  the  measured  phase  angle  ^ between  the  crest  of  the  sur- 
face wave  and  the  trough  of  the  mud  wave  of  ±11*  for  a characteristic  wave 
with  a period  of  7.75  seconds.  The  Importance  of  such  an  error  will  be  seen 
in  the  calculation  of  the  dissipation  of  wave  energy.  Wave  properties  were 
measured  with  a wave  staff,  a pressure  sensor,  and  a two-axis  electroaiag- 
netlc  current  meter  attached  to  wire  cables  that  were  suspended  from  the 
platform  and  anchored  to  the  bottom  through  pulleys.  A system  of  winches 
and  pulleys  allowed  us  to  adjust  the  instruments  to  any  depth. 

Platform  S (see  Fig.  10),  3.35  km  Inshore  of  Platform  V in  5.3  meters 
of  water,  was  Instrumented  with  an  anemometer,  a Qendlx  Q-15  ducted  current 
meter,  two  pressure  sensors,  and  a wave  staff.  By  running  the  instruments 
on  Platform  S simultaneously  with  those  on  Platform  V it  was  possible  to  com- 
pare the  net  energy  lost  by  the  waves  while  traveling  between  the  two  data 
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Figure  3.  Array  of  three  accelerometers 


stations  with  a rate  of  energy  loss  calculated  from  the  measurements  of  mud 
movement  at  Platform  V. 


Results 


Simultaneous  measurements  of  wave  height  and  wave-induced  pressure 
resulted  In  the  data  represented  In  Figure  6.  The  term  n Is  a correction 


factor  Chat  aaCchcs  linear  theory  with  observed  pressures  and  wave  heights  In 
Che  manner  sho%m  (where  Kp  > cosh  k (h  + Z)/co8h  kh).  If  the  observed  data 
were  In  perfect  agreement  with  linear  theory,  the  data  points  would  fall  along 
the  line  n e<iual  to  1.00.  Further  experlMntatlon  using  two  pressure  cells 
placed  at  different  depths  In  the  water  column  showed  that  linear  theory 
accurately  predicts  the  change  In  wave-induced  pressures  from  near  the  sur- 
face to  within  0.5  meter  of  the  bottom.  The  fact  Chat  other  researchers  have 
obtained  similar  reaults  (Horn -ms  et  al. , 1966)  supported  the  use  of  a cor- 
rected linear  theory  for  determining  surface  wave  heights  from  pressure 
measurements  made  In  the  water  coluom  above  the  accelerometer.  The  actual 
values  of  Che  correction  factor  n that  %rare  used  were  those  values  lying 
along  Che  two  least  squares  fit  lines  shown  in  Figure  6. 

A sample  of  the  data  taken  In  the  study  is  shown  in  Figure  7.  The 
accelerations  appear  sinusoidal  In  form  and  have  the  same  general  appearance 
as  Che  wave  record. 

The  shape  of  the  bottom  pressure  spectrum  Is  similar  to  Chat  of  the 
spectrum  of  the  vertical  acceleration,  and  the  peaks  occur  at  the  same 
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Figure  5.  Experlaental  setup  st  Plscfona  V. 


frequency  (Fig.  8).  The  lov-frequency  spectral  coaponents  visible  In  the 
acceleration  spectrua  are  believed  to  be  electronic  drift.  (The  phase  angle 
betiMen  the  crest  of  the  aud  wave  and  the  crest  of  the  pressure  wave  was 
202*  for  the  peak  spectral  coaponent.)  Horizontal  aud  notions  arc  approxl- 
aately  90*  out  of  phase  with  the  vertical  aotlons,  and  a backward  horizontal 
aoveaant  occurs  at  the  crest  of  the  bottom  wave.  Similar  notion  occurs  for 
forced  waves  on  an  elastic  half  space.  The  ratio  of  vertical  displacement 
to  horizontal  dlsplaceaent  over  several  sets  of  data  averaged  about  2.0. 

A plot  of  the  aaplltude  of  the  pressure  wave  at  the  bottom  versus  the 
aaplltude  of  the  aud  wave  (Fig.  9)  reveals  a roughly  linear  relationship  for 
the  range  of  pressures  from  near  zero  to  2.39  x 103  Pascal. 

The  average  energy  transnltted  through  the  sea/sedlaent  Interface  per 
unit  and  tlas  over  one  wave  cycle  Is  (Cade,  1958) 

‘ ■ T / ^ ZF 
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3/3/76  M.ATPO«M  S 
• Computed  from  tpoctrum 


h = depth 

l«  = deep  water  wove  length 

observed  wove  height 
n=  2—  pgKp 

observed  pressure 

Figure  6.  Conparlson  of  observed  wave  height  and  observed  wave 
pressure  with  small-amplltude  wave  theory. 


where  T • wave  period 

P • wave-induced  bottom  pressure 
dh  ~ an  Infinitesimal  Increase  In  the  height  of  the  Interface 

The  general  characteristics  of  the  data  show  that  the  following  functions 
will  accurately  describe  the  motions: 

P " Pa  + A cos  (kx  - ot) 


h • ho  + MA  cos  (kx  - ot  + 4i) 

where  Pa  • steady-state  bottom  pressure 

A * amplitude  of  the  wave-induced  bottom  pressure 
hg  > depth  of  mud  over  which  motion  occurs 
M • proportionality  constant  between  the  amplitudes  of  the  mud  wave 
and  the  pressure  wave 

" phase  angle  between  the  crest  of  the  bottom  pressure  wave  and 
the  crest  of  the  mud  wave 
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3/5/76  TUTFOItM  V 


PrMtur*  at  5.tin  of  dopHi 


^^^x/\A/\AA^ 
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X-Axis  occaloratien 


Figure  7.  Saople  of  the  data  taken  during  the  atudy. 


After  substituting  equations  (2)  and  (3)  into  (1)  and  integrating,  and 
then  using  linear  theory  to  put  bottom  pressures  in  terms  of  surface  wave 
height,  the  equation  for  the  rate  of  energy  losa  to  the  bottom  is  obtained: 


Dm 


iTQg  M sin  e 
4T  coshZ  kh 


(4) 


where  4 ■ 180*  - t|i. 

For  purposea  of  comparison  with  other  theories  for  the  dissipation  of 
wave  energy,  the  pressure  correction  factor  for  linear  theory  is  not  incor- 
porated into  the  equation.  At  most  this  can  change  the  energy  loss  rate  by 
20  percent.  From  equation  (4)  it  can  be  seen  that  the  dissipation  of  wave 
energy  by  the  soft  bottom  involves  only  two  important  factors,  determined  by 
the  physics  of  the  sediment  movement;  (1)  the  relationship  between  the  pres- 
sure force  on  the  sediment  and  the  resultant  vertical  displacement,  given  by 
K,  and  (2)  the  phase  mgle  between  the  crest  of  the  pressure  wave  and  the 
trough  of  the  mud  wave,  given  by  4. 

The  results  of  the  two-station  experiment  allowed  us  to  estimate  the 
energy  lost  from  the  waves.  Conditions  during  the  two-station  experiment 
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Figura  8.  Rasulcs  of  spactral  analysis  of  data. 
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3/5/76  PLATFORM  V • Computed  from  tpectrom 

A Computed  from  o wove-by-wove 


Figure  9.  Amplitude  of  pressure  wave  plotted  as  a function  of  the 
amplitude  of  the  mud  wave. 


are  illustrated  in  Figure  10.  The  instruments  on  platform  V and  Platform  S 
were  run  simultaneously,  a procedure  that  resulted  in  a surface  wave  spectrum 
at  V and  at  S and  a bottom  movement  spectrum  at  V.  For  the  experiment  the 
effects  of  the  wind,  the  current,  and  shoaling  and  refraction  required  a 
small  correction  to  the  measured  wave  height  difference.  The  theoretical 
wave  heights  between  Platforms  V and  S were  calculated  using  the  energy  dissi- 
pation equation  (4)  derived  for  the  forcing  of  a mud  wave  and  taking  into 
account  shoaling  and  refraction  based  upon  the  period  of  the  peak  spectral 
component.  The  root  mean  square  wave  height  at  Platform  V was  used  for  the 
initial  wave  height.  It  was  found  that  to  produce  agreement  with  the  meas- 
ured wave  height  at  Platform  S and  keep  M constant  the  value  of  the  phase 
angle  $ would  have  to  be  10*. 


Discussion  of  Results 


A comparison  of  the  results  of  our  study  with  other  theories  for  the 
dissipation  of  wave  energy  is  shown  in  Figure  11.  The  phase  angle  between 
the  crest  of  the  surface  wave  and  the  trough  of  the  mud  wave  is  given  two 
values:  22*  is  the  angle  that  was  actually  measured  at  V,  and  10*  is  the 
angle  that  results  in  the  correct  average  dissipation  of  wave  energy  between 
Platforms  V and  S,  assuming  that  M is  constant.  Note  that  the  use  of  the 
smaller  angle  does  not  significantly  reduce  the  magnitude  of  the  dissipation 
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DISSIPATION  OF  WAVE  ENERGY 


i.A.PitiaM  I J.WJiliasH 

iMptrMiallt  ri|N  feittiM 


R.O.  Rtii  i K.Kajiura 
Pamtahla  rjfiE  hattaM 


Rasalts  af  East  lay  Staly 


0,. 


± »i£i«L 

3 T^sinhHh 


Dp 


4L*coth^kh 


Dm  * 


yPgMH^alnA 

4Tco»hHh 


IN  19.2m  OF  WATER 


f>.01 

Df«3.67KlO->2HJ 


T>7.75««c 
K»10-‘em2 
Dp  « 1.86  k I0-’®h2 


Ms. 0388 
♦ •22« 

Dm*  2.99kI0-*H* 
9-10* 

Dm>  1.25  k 10-*H* 


Df  «1.23k10-'OH’ 


IN  4.5m  OF  WATER 

Dp»1.14k  lO-’H* 


I 


Dm>1.07Kl0-7H2 
Dm  •4.99  k 10-»H* 


Figure  11.  Comperlson  of  the  rate  of  dissipation  of  wave  energy  for 
the  soft  bottom  in  East  Bay  with  theories  for  dissipation  rates  for 
rigid  bottoms  (Putnam  and  Johnson,  1949;  Reid  and  Kajiura,  1957). 


rate.  The  dissipation  rates  for  19.2  and  4.57  meters  of  water  are  in 
Joules/cm^-sec,  and  H is  the  wave  height  in  centimeters.  The  relation- 
ship derived  by  Putnam  and  Johnson  (1949)  for  dissipation  by  bottom  fric- 
tion is  of  particular  interest  because  it  is  the  one  most  often  used  even 
for  energy  dissipation  on  coasts.  The  presence  of  the  smd  is  often  taken 
into  account  by  making  the  value  of  the  frictional  coefficient  (f)  larger 
than  O.Ol,  which  is  the  value  coMsonly  used  for  sandy  coasts.  It  can  be 
seen  from  this  that  for  reasonable  heights  the  effect  of  a flexible  bottom 
is  to  cause  an  energy  dissipation  rate  that  is  at  least  an  order  of  magni- 
tude greater  than  that  for  a rigid.  Impermeable  bottom. 

The  results  of  the  two-station  experiment  are  Illustrated  in  Figure 
12.  Using  10*  in  the  formula  for  the  dissipation  of  energy  while  holding 
M constant  in  order  to  make  the  total  dissipation  agree  with  theory  is 
somewhat  an  arbitrary  choice.  It  is  entirely  possible  that  the  properties 
of  the  sediments  change  between  V and  S and  cause  changes  in  M as  well  as 
but  it  should  be  resMmbered  that  because  of  the  uncertainty  in  the 
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Figure  12.  Comparison  of  Che  dissipation  of  wave  energy  for 
East  Bay  and  that  predicted  using  the  theory  of  Putnam  and 
Johnson  (1949)  with  the  measured  wave  height  change. 


position  of  Che  pressure  sensor  relative  to  the  accelerometer  It  Is  possible 
Chat  10*  was  the  true  and  constant  phase  a.igle. 

Figure  12  also  illustrates  another  Important  point  concerning  the 
dissipation  of  wave  energy  on  muddy  coasts.  The  predicted  wave  heights 
between  Platforms  V and  S are  shown  In  the  figure  as  they  would  be  pre- 
dicted by  Putnam  and  Johnson  (1949).  Certainly  order-of-magnitude  higher 
dissipation  races  on  sandy  coasts  can  occur  when  well-formed  ripples  and 
Che  proper  velocities  are  present  (Tunstall,  1973) , but  even  In  such  cases 
the  contrasting  trend,  made  more  extreme  by  using  Putnam  and  Johnson's 
theory.  Is  present.  By  comparing  Che  two  curves  in  Figure  12  It  can  be 
seen  that  for  bottom  friction  Che  dissipation  of  wave  energy  occurs  mainly 
in  shallow  water,  whereas  for  a flexible  bottom  a relatively  greater  amount 
of  wave  energy  Is  dissipated  In  intermediate-depth  water.  Nearshore  wave 
energy  for  muddy  coasts  can  therefore  be  expected  to  be  greatly  reduced 
from  that  present  on  Che  outer  shelf.  Such  coasts.  In  comparison  to  sandy 
coasts,  tend  to  protect  their  shoreline  by  Che  dissipation  of  wave  energy 
In  the  bottom  sediments. 
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Suamary 

1.  Bottom  motions  in  the  pressure  range  from  near  zero  to  2.39  x 
10^  Pascal  appear  to  be  forced  waves  on  an  elastic  half  space,  with  the 
effect  of  internal  viscosity  being  seen  in  a phase  shift  between  the 
crest  of  the  forcing  wave  and  the  trough  of  the  mud  wave.  This  results 
in  the  transfer  of  energy  to  the  bottom  sediments. 

2.  The  energy  loss  at  the  field  site  was  found  to  be  at  least  an 
order  of  magnitude  greater  than  that  resulting  from  percolation  over  a 
typical  sandy  bottom  or  caused  by  normal  frictional  effects. 

3.  A relatively  greater  amount  of  wave  energy  is  dissipated  on  a 
muddy  coast  at  intermediate  water  depths  than  on  a sandy  coast. 

4.  Design  criteria  for  offshore  structures  and  predictions  of  sedi- 
ment transport  in  the  nearshore  region  of  a muddy  coast  based  on  standard 
frictional  dissipation  rates  may  be  significantly  Inaccurate. 
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PROCESS  AND  MORPHOLOGY  CHARACTERISTICS  OF  TWO  BARRIER  BEACHES 
IN  THE  MAGDALEN  ISLANDS,  GULF  OF  ST.  LAWRENCE,  CANADA 

by 

E.  H.  Owens 

Coastal  Studies  Institute,  Louisiana  State  University, 
Baton  Rouge,  Louisiana  70803 


ABSTRACT 

Detailed  field  Investigations  of  barrier  beach  Morphology  and  pro- 
cesses at  adjacent  sites  In  the  Magdalen  Islands,  Gulf  of  St.  Lawrence, 
show  that  the  two  beaches  are  In  distinctly  different  Morphodynaalc  envlron- 
■ents.  The  differences  are  expressed  In  tens  of  trave  energy  levels,  sedl- 
aent  dispersal  patterns,  and  nearshore,  littoral,  and  dune  geonorphology. 

The  exposed  west-facing  coast  has  s steeper  offshore  gradient,  la  a zone  of 
sedlnent  bypassing,  and  has  a cos^lex  sequence  of  three  nearshore  bars.  Wave 
energy  levels  are  lower  on  the  sheltered  east  coast,  and  this  Is  a zone  of 
aedlaent  redistribution  snd  deposition  with  s single,  linear  nearshore  bar. 
The  different  Morphological  characterlstlca  of  the  two  barriers  are  attrib- 
uted to  the  spatial  variation  In  energy  levels  and  to  the  differences  In 
offshore  gradients  on  the  two  coasts.  CoMputed  wave  energy  values,  derived 
froa  data  Monitored  during  two  study  periods  CAugust  and  Noveaber,  1974), 
Indicate  that  the  aaan  wave  energy  levels  were  greater  on  the  west  coast  as 
coaparad  to  the  east  coast  by  factors  of  2.25  In  suaner  and  2.95  In  winter. 
This  la  due  priaarlly  to  the  doalnancs  of  winds  out  of  the  westerly  quadrant 
throughout  the  year. 
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INTRODUCTION 

The  Magdalen  Islands  consist  of  a series  of  barrier  beaches  Chat  are 
oriented  northeast-southwest  to  connect  saall  bedrock  outcrops  on  the 
shallow  central  shelf  of  the  southern  Gulf  of  St.  Lawrence  (Owens,  1975) 
(Figure  1).  This  Is  a mlcrotldal  envlronaent  (mean  tidal  range  less  than 
1.0  m)  and,  as  the  Gulf  Is  an  enclosed  sea,  the  wave  climate  Is  dominated 
by  locally. generated  wind  waves.  Winds  are  dominantly  from  between  south- 
west and  northwest  throughout  the  year,  with  a higher  frequency  of  storm 
winds  In  winter  months  (Table  1).  Limiting  factors  for  wave  action  on  the 
beach  are  maximum  fetch  distances  on  the  order  of  300  km  and  the  presence 
of  sea  or  beach-fast  Ice  for  periods  up  to  four  months  each  winter.  Lit- 
toral processes  are  dominated  by  wind  waves  associated  with  the  west  to 
east  passage  of  low-pressure  systems  across  Atlantic  Canada  (Table  2).  On 
the  west  coast  of  the  Magdalen  Islands  the  shoreline  Is  exposed  to  the  domi- 
nant and  prevailing  winds  out  of  the  northwest.  Maximum  wave  and  breaker 
height  values  on  the  west  beach  occur  at  times  of  maximum  wind  velocities, 
independent  of  wind  direction.  On  the  east-facing  coast  wave  characteris- 
tics are  closely  associated  with  the  onshore  wind  component  (Owens,  1977). 
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Figure  1.  Magdalen  Islands  study  area:  A.  Location.  B.  Study  sites  on 
the  central  tooibolo. 
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Tabla  1. 

Wind  Data, 

Magdalen  lalanda 

(1933-1972) 

Mean  Wind 
Velocity 
(k»/h) 

Mean 

Direction 

Mean  Hours/Month  with  Given  Wind 
Velocltlea 

88-101  ka/h 

102-120  ka/h 

>120  ka/h 

J«n. 

47.2 

NW 

13.4 

2.0 

0.1 

Fab. 

41.4 

MW 

7.2 

1.8 

0.4 

March 

40.6 

NW 

6.2 

0.4 

0.4 

April 

36.2 

NW 

1.8 

0.3 

— 

Hay 

35.2 

NW 

0.4 

— 

— 

Juna 

33.3 

NW 

0.2 

— 

“ 

July 

30.6 

SW 

— 

— 

— 

Aug. 

30.4 

SW 

0.7 

— 

— 

Sapt. 

35.7 

NW 

1.7 

0.4 

— 

Oct. 

41.0 

NW 

5.0 

0.7 

~ 

Nov. 

41.7 

NW 

6.5 

1.4 

0.7 

Dac. 

45.7 

NW 

9.0 

2.2 

0.2 

Tabla  2. 

Stora  Duration 

and  Frequency 

, Magdalen  Inlands 

A.  Nuaber  of  Storaa  with  Winds  >90  ka/h  and  >115  ka/h  by 

Quadrant  Over  a 40-Year  Period 

>90  ka/h 

Duration 
>3  hours 

Duration 
>6  hours 

>115  ka/h 

Duration 
>3  hours 

NW-NNE 

256 

68 

37 

15 

3 

NE-ESE 

62 

12 

3 

— 

— 

SE-SSW 

124 

15 

5 

2 

“ 

SW-WNW 

120 

15 

9 

1 

8 

1 

B. 

Annual  Frequency  of  Stora  by  Quadrant 

NW-MHE 

6.4/yr 

1.7/yr 

0.9/yr 

2 In  5 yr 

1 In  13  yr 

NE-ESE 

1.5/yt 

1 In  3 yr 

1 In  13  yr 

— 

— 

SE-SSW 

3.1/yr 

2 In  5 yr 

1 In  8 yr 

1 In  20  yr 

— 

SW-WMW 

3.0/yr 

2 In  5 yr 

1 In  4 yr 

1 In  5 yr 

1 In  40  yr 
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Me«n  and  aaxlnua  vave  height  values  are  greater  on  the  west  coast  In  all 
seasons  due  to  the  prevailing  onshore  winds.  A distinct  difference  In  wave 
energy  levels  exists  between  the  two  study  sites  (Figure  2).  Cooparlson  of 
computed  wave  energy  values  (Table  3) , derived  from  time-series  data  moni- 
tored during  two  study  periods  (August  and  November,  1974),  shows  that  the 
mean  values  are  greater  on  the  west  coast  by  factors  of  2.25  and  2.95  for  the 
summer  and  winter  phases  of  the  study.  The  same  comparison  for  the  computed 
longshore  sediment  transport  rates  (Table  4)  shows  that  the  combined  hourly 
rates  are  greater  on  the  west  coast  by  2.7  and  2.0  for  the  summer  and  winter 
study  periods.  The  estimated  annual  gross  volume  of  longshore  sediment  trans- 
port Is  approximately  four  times  greater  on  the  west-facing  barrier. 
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Figure  2.  Seasonal  variations  In  (1)  estimated  wave  energy  on  the  east  and 
west  barriers,  (2)  swan  monthly  wind  velocity,  and  (3)  storm  fre- 
quency. The  period  of  sea-ice  cover  or  beach-fast  Ice  Is  Indi- 
cated by  the  shaded  area.  Wave  energy  values  sre  extrapolated. 
Storm  frequency  (*)  Is  the  number  of  periods  In  each  month  when 
wind  velocities  exceed  55  km/h,  based  on  data  over  a 40-year 
period. 
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Table  3.  Computed  Wave  Energy  Values  (ergs/cra) 


Mean 

Minimum 

Maximum 

West 

2.52  X 10^^ 

2.12  X lo’ 

13 

1.65  X 10 

Summer 

East 

1.12  X 10^^ 

2.12  X 10^ 

1.10  X 10^^ 

West 

12 

2.51  X 10 

1.68  X 10^^ 

7.38  X 10^^ 

Winter 

East 

8.51  X 10^^ 

3.04  X 10^*^ 

13 

5.89  X 10 

Table  4.  Summary 

of  Computed 

Longshore  Sediment 

Transport  Rates 

West  Coast 

East  Coast 

Average  Hourly 

Summer 

149 

to  N 

53  to 

N 

, 3y  . 

95 

to  S 

39  to 

S 

Rate  (m  /h) 

Winter 

631 

to  N 

265  to 

N 

519 

to  S 

315  to 

S 

Net  Daily  Rate 

Summer 

428 

to  N 

201  to 

N 

(m^/day) 

Winter 

1,261 

to  N 

962  to 

S 

Estimated  Annual 

Gross 

2,059,030 

550,943 

(m^/yr) 

Net 

233,931 

to  N 

o 

o 

S 

Owens  (1977)  has  shown  that  In  addition  to  this  spatial  variation  there 
Is  also  a distinct  temporal  variation  In  energy  levels  between  the  two  sites 
that  Is  reflected  In  littoral  zone  morphology.  On  the  west  coast  there  Is  a 
seasonal  variation  In  wave  energy  levels  that  produces  a "summer-winter" 
beach  cycle.  On  the  sheltered  east  coast  variations  In  energy  levels  due  to 
the  passage  of  low-pressure  systems  across  the  region  are  more  Important  than 
the  seasonal  variations.  This  produces  beach  cycles  of  erosion  during  storms 
and  deposition  during  the  post-storm  recovery  period  (Table  S). 
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Table  5.  Characterlatlc  Differences  between  the  Coastal  Environments 
of  the  East  and  West  Barriers — Magdalen  Islands 


West 

East 

Wave  energy 

a.  High  energy  environment 

b.  Marked  seasonal  variation 

In  wave  energy  levels 

a.  Moderate  energy 
environment 

b.  Large  short-term  varia- 
tions due  to  storm-wave 
activity 

Littoral  zone 
morphology 

a.  "Susner-wlnter"  beach  cycle 

b.  Relatively  stable  morphology 
In  plan  and  profile 

a.  Storm/post-storm  beach 
cycle 

b.  Large  short-term  varia- 
tions In  morphology 

Offshore  Slope 

O’lO' 

0*05’ 

Nearshore  Slope 

0*33' 

0*53' 

OFFSHORE  ZONE 

On  the  shallow  shelf  adjacent  to  the  weat  coa.'*t  of  the  Magdalen  Islands, 
sediment  la  being  transported  landward  by  present-day  processes  (Owens,  1975). 
This  Is  an  area  of  coarse  and  medium  sands  (Table  6)  and  Is  a non-deposltlonal 
sedimentary  environment,  with  local  reworking  and  the  formation  of  lag  depos- 
its (Lorlng  and  Nota,  1973).  Sediment  that  la  transported  toward  the  Islands 
Is  moved  rapidly  alongshore  In  shallow  water  toward  and  around  the  extremities 
of  the  barriers.  The  shelf  adjecent  to  the  east  coast  Is  sheltered  from  waves 
out  of  the  west  and  la  a deposltlonal  area  of  fine-grained  sediments  (Table  7) 
(Lorlng  and  Nota,  1973). 

The  nature  of  the  sedimentary  environments  on  the  Magdalen  Shelf  Is 
rjQtrolled  In  part  by  differences  In  the  wave  cllMte  to  the  west  and  to  the 
east  of  the  islands  that  result  from  the  dominance  of  wind-generated  waves 
out  of  the  wmst.  In  the  sone  of  sediment  reworking  and  transportation  on  the 
shelf  to  the  west  of  the  Islands  the  sandstone  bedrock  Is  overlain  by  a thin, 
discontinuous  layer  of  send  and  gravel.  In  the  deposltlonal  area  to  the 
east  of  the  Islands  the  bedrock  is  burled  by  a continuous  cover  of  well-sorted 
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Table  6.  Sedimentary  Environments — Magdalen  Islands 


West 

East 

Offshore 

Coarse/medium  sands 

Fine  sands 

Nearshore  (<5  m) 

Medium  sand 

(1.316) 

Medium  sand  (1.816) 

Beach 

Medium  sand 

(1.676) 

Medium  sand  (1.876) 

Dunes 

Medium  sand 

(1.676) 

Medlum/flne  sand  (1.956) 

Table  7.  Energy-Morphology  Characteristics- 

—Magdalen  Islands 

West 

East 

Sediment  dispersal 

Offshore 

Toward  east 

Zone  of  deposition 

Nearshore 

Rapid  longshore  Zone  at  redistrlbu- 

movement 

tlon  and  deposition 

Subaqueous  profile 

Relatively  steep  Relatively  flat 

(1:300) 

(1:625) 

Frictional  attenuation 

of  waves 

low 

High 

Amount  of  energy  reaching  shoreline 

High 

Low 

sands  (Lorlng  and  Nota,  1973).  The  gradients  of  the  subaqueous  slope  off 
the  west-  and  east-facing  barriers  are  therefore  partially  controlled  by  the 
sediment  dispersal  pattern  that  results  from  the  local  wave  climate. 

Wright  and  Coleman  (1972)  note  that  nearshore  wave  power  Is  a function 
of  the  subaqueous  slope,  due  to  the  effects  of  frictional  attenuation,  and 
that  as  water  depth  decreases  frictional  attenuation  rates  increase.  The 
offshore  profiles  adjacent  to  the  two  barriers  are  very  different  (Figure  3), 
particularly  between  the  15-m  and  40-m  depth  contours.  The  broad,  shallow 
shelf  off  the  east  coast  has  an  average  gradient  of  0*05'  (1:626)  from  the 
shoreline  to  the  20-m  contour,  approximately  half  the  gradient  of  the  shelf 
off  the  west  coast  (0*11',  1:312).  Wave  periods  are  usually  less  than 
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MAGDALEN  ISLANDS -OFFSHORE  PROFILE 

K ILOMETRES 


Figure  3.  Offshore  profiles  and  gradients—taken  on 
lines  perpendicular  to  the  shoreline  at 
the  two  study  sites. 

8 seconds  in  the  Gulf,  so  that  although  some  longer  period  waves  would  feel 
bottom  in  water  depths  up  to  50  m.  the  frictional  attenuation  rates  would 
probably  be  highest  in  depths  between  30  m and  10  m. 

Due  to  the  shallower  depths  on  the  east  coast  the  loss  of  energy  by 
j frictional  attenuation  is  much  greater  than  on  the  west  coast.  In  addition, 

as  the  dominant  and  prevailing  winds  are  out  of  the  west,  and  locally-gene- 
rated waves  dominate  the  wave  climate,  the  east  coast  is  a protected  environ- 
ment in  which  wave  heights  are  lower  than  on  the  west-facing  barrier  (Owens, 
1977).  The  net  effect  is  that  (1)  more  energy  is  available  on  the  western 
barriers  (Table  3)  and  (2)  a higher  proportion  of  that  energy  reaches  the 
nearshore  zone  as  compared  to  the  east-facing  barrier. 

NEARSHORE  ZONE 

The  effects  of  the  difference  in  the  wave  energy  levels  on  the  two 
coasts  are  clearly  reflected  in  the  nearshore  zones.  Surveys  on  the  west 
study  site  show  a large  crescentic  bar  system  that  shoals  to  5-6  m at  800  m 
from  the  beach,  a smaller  middle  crescentic  bar,  and  an  Intermittent  inner 
bar  (Figure  4).  Comparison  of  field  surveys  in  1974-75  with  aerial  photo- 
graphs taken  in  1970  indicates  that  the  plan  form  of  the  outer  bar  appears 
to  be  constant  through  time.  Small  longshore  movements  of  the  outer  cres- 
centic bar  system  result  in  occasional  overlapping  of  the  bars  in  the  vicinity 
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Figure  4.  Nearshore  profiles  and  morphology  at  the  west  and  east  coast  study 
sites.  The  nearshore  profiles  are  spaced  at  100-m  Intervals  and 
shaded  areas  on  the  maps  Indicate  the  location  of  subaqueous  bars. 


of  the  horns  of  the  crescents.  Also,  It  was  found  that  the  apex  of  the  outer 
bar  oscillated  perpendicular  to  the  shoreline  between  700  and  900  m from  the 
beach  (Figure  5) . These  variations  resulted  In  modification  of  the  cres- 
centic bar  form  but  surveys  showed  that  the  basic  location  and  shape  of  the 
outer  bar  did  not  change  over  a 9-month  period.  More  variation  was  observed 
In  the  plan  form  the  two  Inner  bar  systems,  particularly  following  periods 
of  storm-generated  waves. 

By  contrast  the  east-facing  barrier  Is  characterized  by  a single  asym- 
metrical linear  nearshore  bar  chat  shoals  to  1.5-2. 5 m at  250  m from  the 
beach  (Figure  4) . The  trough  depth  on  the  landward  side  of  the  bar  varied 
between  3 and  5 m.  Migratory  bars  were  also  recorded  Inshore  on  Che  shallow 
low-tide  terrace  adjacent  to  Che  beach.  Although  the  nearshore  bar  had  a low 
amplitude  rhythmic  plan  shape  following  storm-wave  activity,  the  basic  linear 
form  of  the  bar  did  not  change  significantly  over  the  9-monch  period  of  the 
surveys.  The  plan  form  of  the  bars  on  the  low-tide  terrace  varied  consider- 
ably, and  this  has  been  related  to  differences  In  the  direction  of  wave 
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Figure  5.  Composite  of  nearshore  profiles  surveyed  on  line  5 on  the  west 
study  site.  The  profile  Is  located  on  Figure  4 (from  Owens,  1977). 

approach  during  summer  months  and  to  storm-wave  activity  during  the  winter 
season  (Owens,  1977). 

Although  the  large  differences  In  wave  energy  levels  on  these  two 
barriers  clearly  affect  the  character  of  the  nearshore  zone,  the  actual  vari- 
ations In  the  size  and  the  morphology  of  the  nearshore  bar  systems  could  be 
explained  In  several  ways.  If  It  Is  assumed  that  breaking  waves  control  bar 
formation,  then  the  fact  that  the  bars  on  the  western  barrier  are  farther 
offshore.  In  deeper  water,  and  larger  than  the  bar  on  the  east  coast  would 
be  due  simply  to  higher  wave  heights  on  the  west  coast.  But,  as  the  two  sets 
differ  so  radically  In  plan  form  It  Is  difficult  to  accept  that  bar  formation 
could  result  from  a simple  variation  In  wave  height  between  the  two  coasts. 

On  the  other  hand.  It  Is  possible  that  the  variation  In  the  size  and  spacing 
of  the  bars,  perpendicular  to  the  shore,  could  be  due  to  the  effects  of 
standing  waves  generated  by  the  reflection  of  Incident  waves  from  the  beach 
(Bowen  and  Inman,  1971;  Suhayda,  1974).  Bowen  and  Inman  suggest  that  the 
alongshore  plan  form  of  crescentic  bars  results  from  the  sediment  dispersal 
patterns  associated  with  the  formation  of  edge  waves  In  the  surf  zone.  The 
absence  of  a well-defined  crescentic  bar  on  the  eastern  barrier  probably 
results  from  the  consistently  oblique  wave  approach  and  high  breaker  angles 
that  generate  strong  longshore  currents,  thus  preventing  the  development  of 
rhythmic  morphology  on  the  outer  bar. 
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INTERTIDAL  ZONE  CBEACH) 

Sediment  size  (Table  6)  and  tidal  range  are  constant  between  the  beaches 
of  the  two  study  sites,  so  that  variability  in  beach  morphology  results  from 
differences  in  wave  energy  levels  or  in  nearshore  topography  modifying  the 
incoming  incident  waves.  The  beaches  of  the  western  barrier  are  generally 
narrow  (20-30  m)  (Photograph  1)  with  a relatively  steep  beach-face  slope 
(approximately  1:4)  (Figure  6).  These  beaches  are  characterized  by  an  overall 
lowering  of  beach  elevation  in  winter  months,  due  to  increased  levels  of  wave 
activity  during  this  season.  This  produces  a "summer-winter"  beach  cycle 
(Figure  7). 

The  beaches  of  the  eastern  barrier  are  wider  (40-50  m)  (Photograph  2) 
and  have  a flatter  beach-face  slope  (approximately  1:8)  (Figure  6).  The  domi- 
nance of  storm-wave  activity  over  seasonal  variations  in  wave  energy  levels  on 
this  coast  produces  beach  cycles  that  are  related  to  erosion  during  storms  and 
recovery  during  post-storm  conditions.  Although  the  beach  elevation  is  lower 
in  winter  months,  as  compared  to  the  summer  (Figure  7),  the  short-term  varia- 
bility related  to  storm-wave  activity  is  more  significant  (Owens,  1977). 

The  difference  in  slope  of  the  beach  face  at  the  two  sites  is  a reflec- 
tion of  the  different  effects  of  nearshore  topography  on  breaking  waves. 

Waves  reaching  the  beach  face  on  the  west  coas't  were  predominantly  plunging 
breakers,  during  both  study  periods,  whereas  those  on  the  east  coast  were 
predominantly  spilling  breakers.  This  difference  in  breaker  type  results  from 
the  different  gradients  immediately  seaward  of  the  intertidal  zone.  Water 
depths  and  gradients  are  greater  at  the  west  study  site  (Figure  4)  due  pri- 
marily to  the  presence  of  a wide  low-tide  terrace  on  the  east-facing  barrier. 
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Figure  6.  Representative  beach  profiles  for  the  two  study  areas. 
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Photograph  1.  West  study  site  beach  (May  1975) 


Photograph  2.  East  study  site  beach  (August  197A} 


BARRIER  BEACH  MORPHOLOGY 


1987 


WEST  SITE 
2-22  AUG  nt 


80  60  40  20  0 

METRES 


EAST  SITE 
2-27  AUG 


0 20  40  60  80 

M ETRES 


Figure  7.  Sweep  zone  profiles  for  summer  and  winter  beach  pro- 
files at  selected  locations  for  the  two  study  sites  (after  Owens. 

1977). 

The  berm  crest  was  slightly  higher  on  the  western  beach  (Figure  6)  as  a 
result  of  higher  wave  heights  on  this  coast  that  lead  to  a build-up  of  sand 
to  greater  elevations  on  the  berm  during  high  tide  periods.  Bascom  (1954) 
pointed  out  that,  although  storm  waves  tend  to  erode  the  berm,  they  also 
create  a berm  at  a greater  elevation  due  to  Increased  wave  heights  and  that 
they  may  leave  a high,  narrow  berm  that  will  survive  until  a larger  storm 
erodes  it. 

SUBAERIAL  ZONE  (DUNES) 

The  dunes  on  the  western  barrier  are  up  to  15.  m in  height,  and  erosion 
during  major  storms  produces  irregular  scarps  in  the  backshore  dunes  (Photo- 
graph 3).  During  post-storm  recovery  a new  foredune  ridge  develops  adjacent 
to  the  beach,  leaving  an  abandoned  scarp  that  is  subsequently  modified  by 
eollan  processes.  This  pattern  of  irregular  erosion  in  the  backshore,  fol- 
lowed by  infilling  to  maintain  a regular  shoreline,  has  produced  a complex 
dune  topography.  The  concentration  of  wave  energy  at  particular  locations 
along  the  dune  barrier  is  probably  a reflection  of  the  effects  of  the  complex 
nearshore  morphology  on  storm  waves. 
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Photograph  3.  Aerial  view  of  dunes  at  the  west  study  site 
(August  1974). 


The  dunes  of  the  east  study  site  are  part  of  a progradational  dune- 
ridge  complex  (Photograph  4)  with  a series  of  parallel  ridges  that  reach 
10  m in  height  adjacent  to  the  beach  (Owens  and  McCann,  in  preparation). 
Erosion  during  storms  is  relatively  constant  along  this  section  of  barrier, 
and  there  is  no  evidence  that  the  ridges  have  been  breached  at  any  time. 

This  dune-ridge  complex  is  not  characteristic  of  all  the  east-facing  barriers 
of  the  Magdalen  Islands  (Figure  8) . Elsewhere  dune  heights  are  rarely  greater 
than  S m and  storm-wave  erosion  causes  the  development  of  washover  channels 
that  breach  the  dunes  and  the  development  of  fan  deposits  on  the  lagoonal 
side  of  the  barrier  (Photograph  5). 


SUMMARY 

The  high  energy  west-facing  barriers  of  the  Magdalen  Islands  are  pri- 
marily a zone  of  sediment  bypassing.  Material  that  is  fed  into  the  nearshore' 
littoral  system  is  transported  rapidly  alongshore  toward  the  northeastern  and 
southern  extremities.  The  barriers  are  relatively  stable,  with  washover 
deposits  occurring  only  in  the  updrlft  sections  adjacent  to  bedrock  outcrops 
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Photograph  4.  Aerial  view  of  beach-ridge  complex  at  the  east 
study  site  (August  1974). 


Photograph  5.  Washover  channels  and  fan  deposits  on  the  east-facing 
barrier  to  the  north  of  the  east  study  site  (August  1974). 
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EROSION 

■ SEDIMENT  OUTPUT  > INPUT  ( SECTIONS  OF  WASHOVER) 

0 SHELTERED  UPDRIFT  SITES  OF  OVERWASH  OR 
inlet  DEVELOPMENT 

ACCRETION 

SPITS- TRANSPORT  ENDPOINTS 
BEACH  RiDGE  COMPLEXES 


DIRECTION  OF  longshore  SEDIMENT  TRANSPORT 


Figure  8.  Generalized  longshore  sedlnenc  transport 
directions  and  areas  of  erosion  or  deposition  on  the 
Magdalen  Islands  barriers. 


or.  In  the  case  of  the  southern  tombolo,  where  there  Is  a movenent  of  sedi- 
ment away  from  the  central  section  of  the  barrier  (Figure  8).  The  sheltered, 
lower  energy  eastern  barriers  are  both  lower  and,  except  for  the  two  beach- 
ridge  complexes,  are  frequently  overwashed.  This  environment  Is  prlioarlly 
one  of  sediment  redistribution  and  deposition,  with  a net  nearshore-littoral 
transport  from  northeast  to  southwest. 
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These  basic  mesoscale  differences  between  the  two  barrier  systems  are 
reflected  In  the  morphology  and  process  characteristics  of  each  coast.  Spa- 
tial variations  In  offshore,  nearshore,  beach,  and  dune  morphology  can  be 
directly  related  to  the  amounts  and  variability  of  wave  energy  levels  on  the 
two  coasts.  The  pattern  of  sediment  dispersal  In  the  offshore  and  nearshore 
zones  Is  controlled  by  the  dominance  of  wind-generated  waves  out  of  the  west 
(controlling  the  overall  energy  levels)  and  the  resulting  differences  In  sub- 
aqueous slope  gradients  (which  affect  the  nearshore  wave  energy  levels). 
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